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ABSTRACT 


An  analytical  method  for  predicting  the  thermal  cycle  life 
capability  of  non-tubular  regeneratively  cooled  thrust  chambers 
was  developed.  Included  in  the  method  are  the  effect  of  time 
dependent  creep  damage  and  strain  range  dependent  fatigue  damage. 
The  method  was  calibrated  using  material  mechanical  properties, 
isothermal  fatigue  and,  tensile  creep  specimen  data. 


Isothermal  cyclic  data  on  laboratory  specimens  to  determine  the 
effect  of  strain  rate,  temperature,  strain  range  and  tensile  and /o 
compression  hold  time  on  fatigue  life  of  four  candidate  rocket 
engine  thrust  chamber  materials  was  obtained.  The  experimental 
data  and  test  procedure  are  presented.  Also  obtained  was  basic 
material  data  oh  the  materials  of  interest. 


Supporting  thermal  analyses  were  conducted  and  regeneratively 
cooled  thrust  chambers  were  designed  for  subsequent  fabrication 
and  hot  fire  cycle  testing  to  verify  the  1-ife  prediction. 
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INTRODUCTION 


The  next  generation  of  Iv^quid  rocket  engine  thrust  chambers  will  employ  non- 
tubular  construction  methods  and  will  have  a  requirement  for  long  life  and 
multiple  re-use.  The  practicality  of  producing  non-tubular  thrust  chambers  of 
the  candidate  materials  has  been  demonstrated  over  3  range  of  thrust  and  chamber 
pressure  levels.  However,  very  little  effort  has  been  expended  in  evaluating  the 
long  life  characteristics  of  such  chambers. 

The  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL)  awarded  the  Rocketdyne  Division, 
Rockwell  International,  a  contract  to  analytically  and  experimentally  explore  the 
long  life  characteristics  of  r.cn- tubular  thrust  chambers.  This  program  was 
entitled  "Investigation  of  the  Thermal  Fatigue  Characteristics  of  Non-Tubular 
Regeneratively  Cooled  Thrust  Chambers  (F046! I-70-C-0014) . 

The  objective  of  this  program  was  to  (1)  define  design  criteria  for  the  thermal 
cycling  capability  of  non- tubular  regeneratively  cooled  thrust  chambers,  and 
(2)  to  demonstrate  this  cycling  capability. 

The  results  of  the  first  part  Phase  I  -  Development  of  Design  Criteria  are 
presented  herein.  The  Results  of  Phase  II  -  Thermal  Cycling  Demonstration  are 
presented  in  Volume  II* 


SUMMARY 


Phase  I  of  this  program  (entitled  Development  of  Design  Criteria)  consisted  of 
five  discrete  tasks: 

Task  I  -  Preliminary  Design 
Task  II  -  Thermal  Fatigue  Analysis 
Task  III  -  Materials  and  Panel  lasting 

Task  IV  -  Final  Design  -  Regeneratively  Cooled,  Thrust  Chambers 
Task  V  -  Final-Design  -  Calorimeter  Thrust  Chamber  Assembly  ^ 

Task  I  consisted  of  a  preliminary  thermal  analysis  effort  to  establish  predicted 
operating  temperatures  and  coolant  passage  geometry  for  use  in  subsequent  analysis 
and  laboratory  test  effort.  For  continuity  a  point  design  was  established  for 
the  regeneratively  cooled  thrust  chambers.  Pertinent  parameters  of  this  point 
design  were: 


Propellants 

°2/H2 

and  F2/H, 

Thrust  (vacuum),  lb 

3300 

Nozzle  Expansion  Ratio 

60:1 

Chamber  Pressure  (maximum) ,  psie 
Mixture  Ratio  (nominal)  (o/f) 

750 

°2&2, 

6:1 

*VH2 

12:1 

Throttle  Ratio 

9:1 

Number  of  Restarts 

750 

Total  Life,  hours 

S 

Further,  the  chambers  designed  in  Task  IV  and  V  were  to  interface  with  AFRPL 
designed  injectors.  Materials  of  interest  for  the  hot  gas  wall  of  the  regen^ 
eratively  cooled  chambers  were: 


Wrought  Nickel 

Sintered  Nickel  (as  processed  by  the  Rocketdyne  powder  metallurgy  process) 
Zirconium-Copper 

NARloynZ  (a  Rocketdyne-develor  .a  copper  alloy) 

It  is  noted  that  .although  the  Phase  I  effort  was  centered  arouna  the  point  design 
discussed  previously  the  results  were  to  be  applicable  to  thrust  chambers  of  any 
thrust  level. 

TASK  I  -  PRELIMINARY  DESIGN 

The  Task  I  effort  consisted  of  a  preliminary  thermal  analysis  to  establish  typical 
operation  conditions  and  chamber  design  criteria  for  use  in  the  subsequent  tasks 
of  Phase  I. 

piambers  employing  the  materials  of  interest  were  thermally  analyzed  for  operation 
with  both  02^2  an<*  F2^H2  ProPelIants*  Initial  analysis  was  conducted  using  a 
theoretical  heat  flux  profile.  The  analysis  was  then  modified  as  hot  fire  test 
data  became  available  from  the  AFRPL. 

TASK  II  -  THERMAL  FATIGUE  ANALYSIS 

In  this  task  the  thermal  fatigue  life  of  non-tubular  regeneratively  cooled  thrust 
chambers  was  evaluated  by  the  individual  accumulation  of  fatigue  and  creep  damage. 

A  survey  of  candidate  analytical  techniques  for  predicting  fatigue  life  was  com-r 
pleted.  The  one  selected  for  use,  and  modified  to  account  for  varying  temperature 
experienced  during  the  strain  cycle  was  Manson's  Universal  Slopes  Equation  (Ref.  1 
and  13).  This  equation  is  stated  as: 


where 


et  a  total  calculated  strain  range 
Ftu  «  ultimate  tensile  strength 
E  =  Young’s  modulus 
e  £  =  fracture  ductility,  In 
RA  =  percent  reduction  in  area 

The  life  prediction  analyses  is  based  on  the  theory  that  failure  depends  on  the 
accumulation  of  creep  and  fatigue  damage  (Fig>  1). 

Id  this  theory  creep  damage  is  evaluated  from  the  stress-time-temperature  cycle 
and  fatigue  damage  from  the  strain- time  measurement  cycle.  Isothermal  fatigue 
test  data  (discussed  later)  on  the  materials  of  interest  was  used  to  calibrate 
the  analysis. 

TASK  III  -  MATERIALS  AND  PANEL  TESTING 

To  support  the  Task  I  and  Task  II  analytical  efforts,  materials  and  panel  test 
efforts  were  conducted  to  determine  basic  material  data  and  isothermal  fatigue 
data  on  the  materials  of  interest.  Major  points  with  respect  to  the  relative 
properties  of  the  zirconium-copper  and  NARloy-Z  alloys  were; 

(1)  The  NARloy-Z  has  significantly  higher  strength  over  the  entire 
temperature  range. 

(2)  The  zirconium  copper  has  somewhat  higher  elongation  and 
reduction  of  area  properties. 

(3)  The  elevated  temperature  thermal  conductivity  of  the  two 
alloys  is  virtually  the  same. 

(4)  The  NARloy-Z  exhibits  significantly  better  stress  rupture 
properties. 

(5)  The  NARloy-Z  exhibited  longer  isothermal  fatigue  life  for 
similar  conditions. 
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Figure  1.  Life  Analysis  Logic 


(6)  Slow  strain  rate  tests  significantly  effected  the  life  of 
^zirconium-copper  but  had  no  effect  on  the  NARloy-Z.  ^ 

(7)  Isothermal  fatigue  testing  with  hold  time  at  peak  tensile 
strain  lowered  the  life  of  both  alloys. 

The  differential  temperature  fatigue  tests  and  the  panel  test  efforts  conducted 
as  a  part  of  this  task  showed  promise;  however,  their  development  was  considered 
beyond  the  scope  of  this-  program. 

TASK  IV  -  FINAL  DESIGN  -  REGENERATIVE LY  COOLED  THRUST  CHAMBERS 

Non- tubular  regenerative ly  cccied  chambers  employing  spun  and  machined  wrought 
hickel-200,  Zirconium-copper  and  NARloy-Z  were  designed  using  the  thermal  analysis 
results  of  Task  I.  Chamber  closeout  was.  annealed  electroformed  nickel. 

Operating  criteria  were: 


Thrust,  lb 

3300 

Chamber  Pressure,  psia 

750 

Propellants 

O./H, 

4  '4 

Mixture  Ratio  (o/f) 

6:1 

The  nickel-200  chamber  incorporated  72  step  width  channels,  0.040  inches  wide  in 
the  nozzle  and  throat  region  and  0.080  wide  in  the  combustion  zone.  Passage" 
height  .was  varied  from  0.030  inch  in  the  throat  to  0.090  in  the  combustion  zone 
and  nozzle  while  the  hot  gas  wall  thickness  was  0.025  throughout; 

The  two  copper  alloy  chambers  were  identical  and  incorporated  40  constant  width 
(0.080)  variable  depth  channels  (0.064  in,  the  throat  to  0.120  in  combustion  zone 
and  nozzle).  The  hot  gas  wall  thickness  was  0,035  throughout. 

As  discussed  previously  all  chambers  had  an  annealed  electroformed  nickel  closure 
and  were  designed  to  interface  with  the  AFRPL  injectors. 
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TASK  V  -  CALORIMETER  THRUST"  CHAMBER  ASSEMBLY  DESIGN 


To  aid  in  establishing  an  experimental  heat  flux  profile  for  use  in  defining  the 
thermal  environment  that  the  regeneratively  cooled  chambers  were  exposed  to,  a 
calorimeter  thrust  chamber  assembly  was  designed.  The  assembly  consisted  of  a 
cai  -rimeter  thrust  chamber  and  a  coaxial  element  injector.  The  calorimeter  cham¬ 
ber  incni'porated  16  circumferential  coolant  passages  machined  into  an  OFHC-copper 
liner  vith  an  electroformed  nickel  closure.  Individual  water  coolant  manifolds 
were  incorporated  into  each  passage  such  that  bulk  temperature  rise  of  the  water 
in  each  passage  could  be  used  to  establish  a  heat  flux  profile. 


The  injector  was  a  40  element  coaxial  design  with  a  rjgimesh  face  built  to  an 
AFRPL  design. 
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DISCUSSION 


This  program  was  undertaken  with  *ne  objective  of  defining  design 
criteria  for  the  thermal  cycling  capability  of  npn-tubular  regen- 
eratively  cooled'  chrust  chambers  and  to  demonstrate  this  cycling 
capability.  The  program  effort  was  divided  into  two  phases: 

Phase  I,  -  Development  of  Design  Criteria 
Phase  II  -  Thermal  Cycling  Demonstration 

The  results  of  the  Phase  I  effort  are  presented  herein.  Results 
of  Phase  II  are  presented  in  Volume  2  of  this  report. 


PHASE  I  -  DEVELOPMENT  OP  DESIGN  CRITERIA 


During  Phase  i  design  criteria  were  developed  for  regeneratively  cooled  thrust 
chambers  operating  under  the  following  conditions: 


Propellants 

Thrust  (vacuum),  lb 

Nozzle  Expansion  Ratio 

Chamber  Pressure  (maximum) psia 

Mixture  Ratio  (o/f) 

OJU'. 

Vll2 

Throttle  Ratio 
Co pi ant 

Number  of  Restarts 

Total  Operating  Life,  hours 


0?/H2  and  F2/H2 
3300 


6:1  Nominal,  5:1  to  7:1  Range 
12:1  Nominal,  10:1  to  13:1  Range 


The  initial  propellant  combination  selected  for  this  program  was  F_/H  however, 
as  the  program  progessed  it  became  apparent  that  the  most  probable  applications 
for  long  life  regeneratively  cooled  thrust  chambers  would  use  the  0^/H2  propellant 
combinations.  This  fact,  combined  with  the  fact  that  comparable  test  results 
(thermal  environment)  could  be  achieved  with  02/H,  at.  significantly  lower  cost 
(fluorine  is  much  more  expensive  than  oxygen) ,  resulted  in  a  contract  change  to 
include  the  Q2/H2  propellant  combination  in  the  analytical  effort  and  to  design 
the  hot  firing  hardware  for  use  with  02/H2  ProPell'ants* 

Inlet  Temperature  (at  e  =  60) ,  R  70 

Inlet  Pressure  (at  e  =  60) ,  psia 

Full  thrust  1200 

Minimum  Thrust  (9:1  Throttle  Point)  150 

Coolant  Pressure  Drop  (goal) ,  psia 

Pull  thrust  200  , 

Minimum  Thrust  25 


Figure  Rocket  Engine  Chamber  Contour  Internal  Dimensions 
(AFRPL  Drawing  No.  X69B16164) 


The  thrust  chamber  internal  contour  was  specified  by  AFRPI.  drawing  No.  X69B16164 
(Fig,  2).  The  only  difference  between  the  0,/H 2  and  the  F2/H ^  was  that  the  com¬ 
bustion  zone  of  the  02/H2  chambers  was  1  inch  longer  than  that  of  the  il 
chamber,,-  It  was  felt  that  the  02/H2  Camber  would:  require  a  greater  combustor 
length  to  assure  attainment  of  good  combustion  performance.  The  hot  firing  hard¬ 
ware  of  Phase  II  was  to  use  this  same  contour  but  have  a  truncated  nozzle  (e  =  4) 
to  allow  testing  at  site  ambient  pressures.  Non-tubular  fabrication  methods  were 
to  be  used  for  the  thrust  chambers  and  materials  of  interest  were: 

Wrought  Nickel  200 
Sintered  Nickel 
Zirconium  Copper 
NARloy-Z 

In  addition  a  calorimeter  thrust  chamber  assembly  was  designed,  fabricated  and 
tested  to  est-Llish  the  heat  flux'  profile  to  be  used  in  the  design  of  the  regen- 
eratively  cooled  chambers.  The  calorimeter  chamber  had  the  same  contour  as  the 
09/H2  regenerative ly  cooled,  chambers. 

The  Phase  I  effort  consisted  of  five  discrete  tasks: 

Task  I  -  Preliminary  Design 

Task  II  -  Thermal  Fatigue- Analysis 

Task  III  -  Materials  and  Panel  Testing 

Task  IV  -  Final  Design  -  Regeneratively  Cooled;  Thrust  Chambers 

Task  V  -  Final  Design  -  Calorimeter  Thrust  Chamber  Assembly 

A  detailed  discussion  of  the  results  of  each  task  is  presented  in  subsequent 
sections  of  this  report. 
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TASK  I  -  PRELIMINARY  DESIGN 

Task  I  involved  a  preliminary  thermal  analysis  effort  to  establish  predicted  wail 
temperature  and  coolant  passage  geometry  for  use  in  subsequent  analysis,  design 
and  laboratory  test  effort  of  Phase  I.  Sequentially  the  analysis  was  completed 
in  the  following  order. 

Initially,  the  Nickel  200  and  the  two  copper  alloy  chambers  were  analyzed  for 
operation  with  F2/H2  and  02/H2  propellants  using  a  theoretical  heat  flux  profile. 

As  noted  previously  the  original  propellant  combination  was  F2/H2j  ^owever» 
was  later  changed  to  02/H2  based  on  consideration  of  most  probable  application 
and  reduced  propellant  cost  during  the  Phase  II  hot  fire  test  effort. 

Initial  Thermal  Analysis  F2/H:  Propellants- 

The  initial  thermal  analysis  of  the  nickel  and  copper  alloy  chamber  was  completed 
for  -2/H2  propellant  at  a  mixture  ratio  of  12:1  using  the  theoretical  heat  flux 
profile  shown  in  Fig.  3.  This  profile  was  determined  using  the  Rocketdyne  Boundary 
Layer  Program  and  assumed  a  combustion  efficiency  of  99  percent. 

The  first  case,  analyzed  for  the  nickel  chamber  considered  60  constant  width 
channels  running  from  e  =  4  to  the  injector  face'.  Pertinent  parameters  are 
shown  in  Fig.  4.  Two  dimensional  isothermal  plots  are  shown*  in  Fig.  5.  Re¬ 
sulting  wall  temperatures  were  1365  to  1488  F;  considered  too  high  for  a  long 
life  thrust  chamber.  (A  preliminary  life  analysis  had  indicated  that  maximum 
wall  temperature  should  be:  limited  to  ■'1400  F  to  achieve  the  750  thermal  cycle 
goal) . 


Consequently,  a  design  refinement  was  initiated  which  considered  72  coolant 
channels  and  a  step  change  in  channel  width -St  a  :plane  2  inches  upstream  and 
1  inch  downstream  Of  the  throat  plane.  Resulting  temperatures  (based  on  a 
two-dimensional  analysis)  plus  other  pertinent  parameters  are  shown  in  Fig.  6 
and  7  for  the  full  thrush  and  throttled  cases  respectively. 


Figure  7.  Channel  Geometry  for  Nickel  200  Chambers  (Throttled  9:1) 


In  a  similar  manna?  the  NARloy-2  and  zirconium-copper  chambers  were  thermally 
analyzed  (the  thermal  conductivity  of  the  two  alloys  it  nearly  the  same  so  that 
the  analysis  is  applicable  to  either  material) „  co  establish  channel  geometry 
and  coolant,  requirements  when  operating  with  floor inerhydrogen  propellants  at  a 
mixture  ratio  of  12:1.  Results  are  shown  in  Fig,.  8  through  13  for  two  candidate 
designs <  — 

In  addition  a  parametric  analysis  Was.  conducted  on  the  nickel-200  chamber  to 
determine  sensitivity  of  the  design  variations  in  channel  dimensions*  wall 
thickness,  etc. 

The  two-dimensional  gas-side  wall  temperature,  may  be  decreased  by  increasing  the 
number  of  channels  and  decreasing  the  channel  width  in  the  throat  region.  The 
corresponding  increase  in  pressure  drop  is  partially  compensated  by  widening  the 
channel  in„the  nortle  and  injector  -end  and  thinning  the  wall  slightly.  The  effect 
on  wall  temperature  cf  varying  those  land:  and  channel ^dimensions  is  shown  in 
Fig.  14  for  the  throat  region  of  the  nickel  200  chamber. 

In  the  vicinity  of  this  operating  point  the  two-dimensional  gas-side  wall  temp¬ 
erature  changes  30  degrees  per  0.010  inch  change  in  land  width  and  20  degrees 
per  0.010  inch  change  in  channel  width.  Average  back  wall  temperature  varies 
10  degrees  per  0.010  inch,  change  in  land  width  and  negligibly  with  channel  width. 
These  are  based  on  a  constant  coolant  mass  velocity  achieved  through  adjusting 
passage  height  and  number  of  passages  per  inch  of  circumference. 

In  general  minimum  wall  temperature  is  achieved  with  minimum  land  and  channel 
width  at  the  expense  of  pressure  drop. 

Varying  hot- wall  thickness  results  in  a  much  stronger  change  in  gas-side  wall 
temperature  as  seen  in  Fig.  15.  The  gradient  is  240  degrees  per  0,010  inch 
change  in  wall'  thickness  at  the  throat. 

Similar  plots  for  the  injector  end  are  presented  in  Fig.  16  and  17,  except  that 
the  sum  of  land  and  passage  width  is  used  as  the  parameter  for  convenience  since 
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Figure  8^  Channel  Geometry  Copper  A.l(loy  Chamber 


i empcrature  Distribution  for  Copper  Alloy  Chambers 
(Stepped  Width  Channels*) 


LOCATION  INJECTOR  TCROAT 


figure  11.  Channel  Geometry  for  Copper  Alloy  Chamber  (Full  Thrust 
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.Figure  17.,  Effect  of  Hot-Wall  Thickness  pa  Maximum  Wall  Temperatur 
for  All-Nickel  Chamber-Injector  End 
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it  is  r.e1  ' *d  to  the  throat  value  by  the  contraction  ratio: 

/ 

XL  +  W).  .  „  =  £  (L  +  W1  . 

v  'injector  c  1  'throat 

At  the  injector  end  the  gas-side  wail  temperature  varies  35  degrees  per  0.010  inch 
change  in  channel  width.  Average  back  wall  temperature  changes  22  degrees  per 
0.010  inch  change  in  land  width,  reaching  a  maximum*  then  declining  with  increasing 
land  due  to  the  two-dimensional  heat  flow  to  the  back  of  the  channel .  Gas-side 
wall  temperature  decreases  100  degrees  per  0.010  inch  decrease  in  wall  thickness 
at  the  injector  end. 

Revised  Thermal  Analysis  -  F^/H^  Propellants 

As  a  result  of  experimental  heat  flux  data  obtained  by  the  AFRPL  in  copper  heat 
sink  chambers  the  gas  side  film  coefficient  was  revised  (Fig.  18).  This  film 
coefficient  profile  was  established  analytically  using  the  Rocketdyne  Boundary 
Layer  Program  modified  to  integrate  the  experimental  data  from  the  AFRPI.  test 
effort.  This  experimental  data  indicated  the  boundary  should  be  initiated  approx¬ 
imately  two  inches  above  the  throat. 

Using  this  gas-side  film  coefficient,  heat  flux  profiles  were  established  for 

a  nickel  200  chamber  (T  =  1400  F-)  and  a  copper  alloy  (NARloy-Z  or  zirconium- 

wg  . 

copper)  chamber  (T  =  1000  F) .  These  are  shown  in  Fig.  19  and  20,  and  reflect 

wg.  2  2 

peak  neat  flux  values  of  27.1  Btu/in. -sec  for  the  nickel  200  design  and  27.6  Btu/in, - 

sec  for  the  copper  alloy  designs;  occurring  at  the  same  point,  ~0.10  Lilies  forward 

of  the  geometric  throat. 

Nickel  200  Thrust  Chamber.  Resulting  analysis  on  the  nickel  200  chamber  estab¬ 
lished  a  coolant  circuit  geometry  consisting  of  72  channels,  these  channels  are 
0.040  inches  wide  from  the  exit  (e  =  4)  to  -2.75  inches  forward  of  the  throat 
where  a  step  width  increase  to  0.080  inches  is  made.  The  passage  height  varies 
from  0,020  inch  at  the  exit  and  injector  ends  to  0.030  inch  at  the  throat.  The 
passage  pressure  drop  predicted  is  slightly  below  300  psi  with  a  10  psi  exit  loss. 
Bulk  temperature  rise  is  410  F.  The  predicted  two  dimensional  gas-side  wall 


AXIAL  DISTANCE  FROM  THROAT,  X,  IN. 


Figure  19.  Heat  Flux  Distribution  for  Spun  Nickel  Chamber 


'ks.? 


temperatures  (Fig.  21)  are  close  to  14S0  F  from  the  throat  upstream  to  about 
-2.75  inches  decreasing  somewhat  uniformly  to  1200  F  at  the  injector  and  700  F 
at  the  nozzle  exit. 

Chamber  operating  conditions  are  summarized  in  Fig.  22. 


Copper  Alloy  Thrust  Chambers.  Using  the  heat  flux  profile  presented  previously 
(Fig.  20),  the  copper  alloy  chambers  were  also  analyzed.  As  discussed  previously, 
the  elevated  temperature  thermal  conductivities  of  the  two  copper  alloys  are 
virtually  the  same,  therefore,  the  chambers  can  be  identical  from  a  thermal 
standpoint. 


The  thermal  analysis  showed  that  60  constant-width  (0.0S5  inches)  channels  were 
suitable  for  these  designs.  Passage  height  varied  from  0.090  inch  at  the  exit 
and  injector  ends  to  0.046  inches  in  the  throat  and  0.030  at  -2.25  inches  above 
the  throat.  Pressure  drop  in  the  coolant  passage  was  about  240  psi  with  a  30  psi 
exit  loss,  and  bulk  temperature  rise  of  428  F.  Two-dimensional  gas-side  wall 
temperatures  were  about  1000  F  from  the  throat,  to.  -2.25  inches  upstream  (Fig.  23). 
Chamber  operating  conditions  are  summarized  in  Fig.  24. 


Initial  Thermal  Analysis  O^/H^  Propellant 


Copper  Alloy  Chamber.  The  NARloy-Z  and  zirconium-copper  thrust  chambers  were 
also  analyzed  for  operation  with  i,0../H2  propellants  under  the  conditions  specified 
previously  and  an  assumed  injector  combustion  efficiency  (oc*)  of  99  percent, 

(The  use  of  02/H2  propellant  insteady  of  F2/H^  Prov^cie‘?  a  comparable  thermal 
environment  with  reduced  propellant  cost).  A  boundary  layer  analysis  of  the 
combustor  contour  with  a  6  inch  length  results  in  the  gas-side  film  coefficient 
distribution  shown  in  Fig.  25  for  LOj/Hj.  The  combustor  for  the  02/H2  design 
was  1  inch  longer  than  that  for  the  F2/H2  c^es^Sn  t0  assure  good  combustion 
efficiency  was  achieved.  The  30  percent  increase  in  film  coefficient  (as  com¬ 
pared  to  the  F_/fL  datay.  is  largely  compensated  by  lower  combustion  temperature 
to  yield  an  only  slightly  higher  peak  heat  flux  (28  Btu/in.  -sec)  at  the  sonic 
point  (Fig.  26).  Integrated  heat  load  is  about  44  percent  higher  with  L02/H2 
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3300  lb 
750  psla 


Figure  21.  Thermal  Fatigue  Thrust  Chamber  Wall  Temperature 
Distribution  (2-D)  Spun  Nickel  200 
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Figure  23 *  Thermal  Fatigut 
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Figure  24.  Final  Design  -  Copper  Alloy  Thrust  Chambers 
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Figure  26.  Keat  Flux  Profile 


am\  the  longer  (6  inch):  combustor.  -this- heat  flux  profile  was  used  to  establish 
the'  coolant  channel  geometry  for  both  copper  alloy  chambers.  The  design  was 
optimized  for  200  R  hydrogen  inlet  at  an  area  ratio  of  4 : 1 .  This,  simulates  the 
approximate  bulk  temperature  at  an.  area  ratio  of  4:1  of  a  cooled  60:1  nozzle 
with  an  inlet  temperature  of  65  R.  The  design  consisted:  of  40  channels  0.080 
inches  wide  with  a  nominal  wall  thickness  of  0.035  inches.  The  coolant  pressure 
drop  was  125  psi  based  on  an  inlet  pressure  of  1200  psia.  The  coolant  pressure 
profiles  (total  and  static)  are  presented  in  Fig.  2-7, 

The  wall  temperature  profile  is  shown  in  Fig>  28.,  In  the  throat  region  the  wall 
temperature  is  below  900  F.  Near  the  injector  the  wall  temperature  increases  to 
about  900  F.  Also  shown  in  Fig.  28  for  comparison  is  a  temperature  profile  for 
the  same  chamber  but  using  ambient  temperature  hydrogen  as  the  coolant,  The 
coolant  flowrate  was  increased  in  the  case  of  ambient  hydrogen  in  order  to  match 
throat  wall  temperatures  and,  hopefully,  thermal  strains.  Consideration  was 
given  to  the  use  of  ambient  temperature  hydrogen  as  the  coolant  since  this  would 
preclude  the  need  for  delivery  of  conditioned  hydrogen  to  the  hardware  and  to 
allow  for  testing  with  coolant  flow  in  parallel  with  the  injector  hydrogen  flow. 

It  is  apparent,  however,  that  the  back  wall  temperatures  for  the  ambient  inlet 
hydroge..  are  almost  200  F  higher  than  the  nominal  (200  R  inlet  temperature)  design. 
The  thermal  strains  are,  therefore,  not  as  severe  for  the  ambient  hydrogen  case 
considered  as  compared  to  the  nominal  design  conditions.  Reduced  flowrate  for 
the  ambient  hydrogen  case  would  increase  the  thermal  strains  but  would  also  in¬ 
crease  the  maximum  wall  temperatures, 

Nickel-200  Chamber.  The  nickel -200  chamber,  which  was  originally  analyzed  for 
operation  with  fluorine  hydrogen  propellants  was  reanalyzed  for  use  with  oxygen- 
hydrogen  propellants  and  ambient  temperature  hydrogen  coolant.  Coolant  channel 
height  and  flowrate  wore  adjusted  such  that  the  chamber  would  operate  with  gas- 
side  wall  temperatures  similar  to  those  with  cryogenic  coolant.  It  was  recognized, 
however,  that  the  back  wall  temperature  would  be  much  higher  resulting  in  a  lower 
thermal  strain  range  than  that  experienced  by  . a  comparable  chamber  cooled  with 
cryogenic  hydrogen. 


The  modifications  to  the  nickel-200  chamber  design  were  as  follows.  The  wall 
thickness  was  reduced*  to  a  uniform  0.025  inch,  the  0.040  inch  passage  width 
extended  from  -2.75  inches  above  the  throat jto__ the  exit.  The  passage  width 
stepped  to  0.080  inches  wide  at  -2.75  inches  and  extended  to  the  injector  end. 
Passage  height  taperedi  from  0.090  inch  at  the  injector  to  0.0305  at  the  throat 
and  back  to  0.090  inch  , at  the  exit  end. 

Revised  Thermal  Analysi  s  Propellants 

The  thermal  analysis  of  the  nickel  and  copper  alloy  chamber  was  revised  based  on 
experimental  heat  flux  data  obtained  by  the  AFRPL.  This  \data  was  obtained  from 
a  copper  water-cooled  calorimeter  chamber  utilizing  02/H^ ^propellants  at  a  mixture 
ratio  of  about  6:1,  The  nominal  chamber  pressure  was  743  psia.  The  resulting 
heat  flux  profile  for  the  calorimeter  chamber  is  presented  .in  Fig.  29.  The 
original  design  heat  flux  profile  is  also  presented  'for  comparison  purposes. 

It  is  apparent  that  the  experimental  heat  flux  is  considerably  lower  than  the 
design  value  in  the  combustion  zone  region.  The  low  heat  flux  values  near  the 
injector  face  are  typical  of  coaxial  type  injectors.  The  high  design  value  in 
this  region  was  selected  to  provide  considerable  margin  of  safety  in  case  of 
injector  streaking. 

2 

The  experimental  throat  heat  flux  is  about  31  Btu/in.  -sec  compared  to  a  pre- 
dieted  value  of  28  3tu/in.  -sec.  These  heat  flux  levels  are  based  on  a  nominal 
hot-gas  wall  temperature  of  1200  F.  The  slightly  higher  (-10  percent)  throat 
heat  flux  level  does  not  significantly  effect  the  chamber  operating  limits  as 
will  be  shown. 

The  revised  heat  flux  profile  was  used  in  conjunction  with  the  regenerative  cooling 
analysis  to  predict  the  coolant  bulk  temperature  rise  end  chamber  wall  temperature 
profiles.  In  order  to  accomplish  the  computer  analysis  it  was  necessary  to,  con¬ 
vert  the  heat  flux  profile  to  a  combustion  gas' convective  film  coefficient  (h^) 
profile.  This  was  accomplished  using  the  relation: 


Figure  29.  Calorimetric  Chamber  Heat  Flux  Profile 


It  was  assumed  that  the*  hot  gas  wall  temperature  (T  -)  of  the  calorimeter  chamber 

.  ,v  wg 

was  1200  F  for  purposes1  of  determining  the  film  coefficient.  A  more  detailed 
evaluation  of  the  heat  flux  data  would  be  required  to  determine  actual  wall 
temperatures  and  thereby  increase  the  accuracy  of  the  film  coefficient  profile. 
The  uniform  wall  temperature  assumption  is  sufficiently  accurate  (+_  10  percent} 
for  the  preliminary  thrust  chamber  analysis.  The  resulting  film  coefficient 
profile  is  shown  in  Fig.  30  and  the  heat  flux  profile  'Is  shown  in  Fig  31. 

The  nickel-200  thrust  chamber  was  then  analyzed  using  the  experimental  results 
discussed  previously.  A  nominal  hydrogen  coolant  flowrate  of  0.6S  lb/sec  was 
selected  to  obtain  a- direct  comparison  to  cooled  chamber  test  results.  The 
resulting  coolant  pressure,  coolant  bulk  temnerature  and  hot-gas  wall  temperature 
profiles  are  presented  in  Fig.  ,32,  33  and  34,  respectively. 

The  nominal  coolant  bulk  temperature  rise  is  estimated  to  be  306  F.  The  maximum 
hot  gas  wall  temperature  is  about  1430  F  and  occurs  slightly  upstream  of  the 
throat.  Near  the  injector  the  wall  temperature'  decreases  to  less  than  700  F. 


The  copper-alloy  thrust  chambers  were  also  analyzed  at  various  operating,  con¬ 
ditions  using  the  experimental  combustion  gas  convective  heat  transfer  results'. 

The  chamber  was  analyzed  at  nominal  operating  conditions  (P  =  750  psia,  MR  =  6, 

W  =  1.07  lb/sec)  with  ambient  and  conditioned  temperature  hydrogen.  The  con- 

V 

ditior.ed  hydrogen  inlet  temperature-  (360  R)  was  selected  so  as  to  deliver  ambient 
temperature  propellant  to  the  injector  vin  a  regenerative  cooling  configuration. 
Over-cooled  operation  with  ambient  inlet  temperature  hydrogen  was  also  investigated 
at  chamber  pressures  of  750,  500,  and  300  psia* 


These  analyses  were  done  since  planned  to  conduct  the  initial  hot  firing 

tests  of  both  chambers  at  lower  chamber  pressure  using  ambient  temperature  _ 
hydrogen  as  the  coolant  in  a  bypass  mode.  In  this  manner  the  environment  is  less 
severe  than  at  the  design  point,  reducing  the  risk  to  the  hardware  during  initial 
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Figure  30.  Experimental  Combustion  Gas  Convective 
Film  Coefficient  Profile 
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Figure  31.  Hydrogen  Cooled  Chamber  Heat  Flux  Profile 
for  Nickel-200  Chamber 
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Figure  34.  Combustion-Gas-Wide  Wall  Temperature  Profile 


testing  and  providing  experimental  data  to  verify  predicted  operating  conditions. 
Further  this  allowed  for  the  cntion  of  testing  with  either ^ambient  temperature 
hydrogen  or  conditioned  hydrogen,  providing  maximum  flexibility  and  lowest  possible 
test  cost. 

The  results  of  this  study  are  summarized  in  Table  1.  Coolant  pressure  and  temp¬ 
eratures  as  well  as  resultant  hot  wall  and  back  wall  temperatures  at  selected 
locations  are  presented  in  the  Tablo.  The  nominal  coolant  outlet  pressure  was 
selected  as  1000  psia.  This  pressure  is  sufficient  to  provide  a  regenerative 
cooling  capability  if  desired.  Lower  inlet  pressures  would  result  in  slightly 
higher  pressure  drops  due  to  decreased  hydrogen  density.  The  coolant  bulk  temp¬ 
erature  and  wall  temperatures  are  relatively  insensitive  to  absolute  coolant 
pressure  level. 

The  coolant  pressure  profile  and  bulk  temperature  profile  are  presented  in 
Fig.  55  and  36,  respectively  for  nominal  chamber  operation  with  ambient  hydrogen, 

TASK  II  -  THERMAL  FATIGUE  ANALYSIS 

Thermal  fatigue  life  of  non-tubular  wall  regeneratively  cooled  thrust  chambers 
was  evaluated  by  the  individual  accumulation  of  fatigue  and  creep  rupture  damage. 
This  is  a  generally  accepted  procedure  for  isothermal  conditions  (Ref.  I  through 
S).  Evaluation  of  the  thermal  fatigue  problem,  where  temperature  varies  during, 
the  fatigue  process,  has  been  given  3ome  attention  (Ref.  6,  7,  and  8)  but,  due 
to  its  complexity,  little  has  been  done  to  formalize  a  method  of  damage  evalua- 
tion.  For  the  creep  rupture  part  of  the  problem,  a  generally  accepted  method 
of  incremental  evaluation  under  variable'  stress  conditions  is  in  use  (Ref.  9) 
and  is  extended  in  this  report  to  cover  variable  temperature  conditions.  In 
addition  ah  incremental  method  is  introduced  for  the  evaluation  of  fatigue 
damage  due  .to  strain  cycling  under  varying  temperature  conditions. 

Methods  of  evaluating  life  in  a  thermal  fatigue  environment,  where  strains, 
stresses  and  temperature  vary,  can  be  separated  into  three  levels  for  analysis: 
macroscopic,  microscopic  and  submicroscopip.  It  was  the  purpose  of  this  program 


TABLE  1.  SIM1ARY  OF  COOLING  ANALYSIS  RESULTS 
FOR  THE  COPPER  ALLOY  THRUST  CHAMBERS 
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1.07 
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to  develop  the  analyses  at  th**  macroscopic  level  ..  At  thi -,  level,  the  average 
behavior  of  relatively  Ijrge  volumes  of  material  is  important  and  the  analysis 
is  based  oh;  what  are  believed'  to  be  predominant  factors  in  the  damage  process . 

These  factors  include  the  variation  of  material  mechanical  properties  with 
temperature,  cyclic  elastic  and  plastic  strain  and  stress  ranges,  relaxation 
^nd  creep  effects.  No 'attempt  is  made  in  this  evaluation- -to- include- the  in¬ 
fluence  of  environment  or  variation  in  material  metallurgical  structure. 

Fatigue  life  was  determined  by  two  approaches  for  a  variable  temperature-strain 
cycle.  One  used  a  modification  of  the  ‘’method  of  universal  slopes'',,  a  correla¬ 
tion  equation  based  oh  material  tensile  properties,  developed  by  S..  S.  Manson 
at  NASA  Lewis,  The  material  properties  used  in  the  equation  were  averaged  over 
the  temperature  range.  The  other  method  used  the  average  isothermal  fatigue 
life  over  the  temperature  range  obtained  from  specimen  test  data  in  an  incre¬ 
mental  evaluation  over  the  temperature- strain  .cycle.  The  latter  method  was 
jjven  preference  over  the  correlation  equation  since  it  was  based  on  experimental 
data.  After  the  fatigue  life  was  determined.,  the  fatigue  damage  Was  individually 
assessed  following  Miner's  rule  (Ref.  15).  This  is  defined  as  the  incremental 
damage  as  determined  by  the  actual  number  of  cycles  at  the  strain  range  of  interest 
divided  by  the  allowable  number  of  cycles  at  that  strain  range. 

Creep  rupture  damage  was.  evaluated  using  the  "life  fraction"  rule  as  the  time  at 
stress  divided  by  the  time  to  rupture  at  the  same  stress  and  temperature. 

A  sample  problem  is  presented  in  the  final  pages  of  th's  section  to  demonstrate 
the  application  of  the  analysis  method  to  the  thrust  chamber  hot  gas  wall . 

equation  Selection 

Analytical  methods  of  predicting  fatigue  life  at  room  temperature  are  well  known 
(Ref.  10,  11,  and.  12)  and  were  investigated  at  the  start  of  the  program  for 
elevated  temperature  application.  At  t!.e  time,  the  Coffin  equation  was  selected 
since  it  fit  ambient  data  conservatively.  This  is  where 
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Aep  -  1/2  ef  N£“-5 

e£  =  fracture  ductility*  as  defined  as  In  (100/(100-RA)) 

RA  •=  %  reduction  in  area  from  a  standard  tensile  test 
Aep  =  the  completely  reversed  plastic  strain  range,  in./in. 

N£  *  cycles  to  failure 

The  Coffin  equation  is  based  on  crack  initiation  as  the  failure  criteria  for  data 
correlation  and  gives  a  lower  plastic  strain  range  for  a  given  cyclic  life.  The 
equation  was  developed  for  predicting  room  temperature  cycle  life  and  was  to  be 
modified  for  elevated  temperature  effects  based,  in  part,  on  the  work  done  by 
Taira  (Ref.  2).  During  the  program,  a  more  comprehensive  correlation  equation 
that  considers  the  inf  luence  or  creep  at  elevated  temperature  on  low  and  inter¬ 
mediate  cycle  life  for  a  constant  temperature  test  was  used.  The  Method,  based 
on  the  Manson's  universal  slopes  equation  (Ref.  1  and  13)  correlates  elastic, 
plastic  and  creep  rupture  properties  at  elevated  temperature  with  the  fatigue 
life  of  laboratory  specimens  tested  at  constant  elevated  temperature  at  u<  given 
total  strain  range.  The  universal  slopes  equation  is  stated  as 

F 

et  3  3.5  (-H)  Nf~-12  +  c£*6Nf“-6 

where 

=  total  calculated  strain  range 
Ftu  °  total  calculated  strain  range 
H  3  Young’s  modulus 
£f  3  fracture  ductility,.  ln^~J«~  _  _ 

RA  3  percent  reduction  in  area 

The  tensile  properties  are  determined  at  the  elevated  temperature  of  interest  at 
conventional  strain  rates.  The  merit  of  using  tensile  properties  obtained  at  strain 
rates  comparable  to  the  cyclic  strain  rates  is  indicated  by  Mahson  and  must  be  kept 
in  mind  for  more  accurate  estimates.  Complete  separation  of  the  specimen  is  desig¬ 
nated  as  the  failure  criteria. 


y 


j 


Jr 


X. 


s 


Modification  of  the  universal  slopes  equation  was  done  during  this  program  to 
account  for  the  varying  temperature  of  the  strain  cycle,  Taira’s  experiments 
with  several  rteels  demonstrated  that  it  is  reasonable  to  expect  that  such  a 
modification  would  be  realistic  (Ref.  2) ,  Taira’s  results  showed  the  existence 
of  an  equivalent  constant  temperature,  strain  cycle  where  fatigue  life  was  equal 
to  that  obtained  for  a  variable  temperature  strain  cycle  for  the  same  strain 
range . 


Life  Prediction .Analysis 


The  basic  theory  used  in  the  life  prediction  analysis  is.  that  failure  depends  on 
the  accumulation  of  creep  and  fatigue  damage.  The  thermal  fatigue  analysis 
method  is  built  on  this  theory.  Data  obtained  from  isothermal  fatigue  specimens 
are  used  to  calibrate  the  method. 


The  life  analysis,  in  general  is  based  on  a  definition  of  che  stress-s.train-time- 
temperature  history  of  the  material  during  each  operating  duty  cycle.  Creep 
damage  is  evaluated  from  the  stress-time-temperature  cycle  and  fatigue  damage 
from  the  strain-time-temperature  cycle.  The  life  analysis  logic  applied  to  the 
thrust  chamber  hot  gas  wall  is  given  in  Fig.  37. 


The  thrust  chamber  hot  gas  wall  is  structurally  modeled  to  analytically  determine 
the  stresses  and  strains  due  to  thermal  a..d  pressure  loads.  Either  manual  methods 
of  analysis  or  finite  element  computer  methods  that  have  been  developed  are  used 
to  obtain  the  strains  and  stresses.  The  analysis  is  based  on  a  detailed  deter¬ 
mination  of  component  temperatures  and  loads  at  engine  start,  mains tage  (steady 
state)  and  cutoff  conditions.  Once  the  stress-strain-tirae-temperature  history 
is  known,  the  cyclic  life  can  be  calculated. 


Effective  Strain.  Before  the  isothermal  strain  controlled  low  cycle  fatigue  data 
is  used  in  life  determination,  it  is  necessary  to  relate  the  strains  in  the  test 
specimen  to  the  strains  in  the  thrust  chamber  hot  gas  wall.  Effective  strain  is 
used  for  the  relationship  and  defines  the  uniaxial  equivalent  of  the  multiaxial 
strain  state  in  the  specimen  and  chamber  wall.  The  effective  strain,  e^, 
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Analysis  Logic 


derived  from  the  Von  Misos  criteria  and  the  constant  volume  assumption,  is  given 
by 

Cff  =  ^§"“  I  t£l  "  £2^  +  (e2  '  e3?  +  (e3  '  Cl5 

where  ev,.  £,,  and  e_  are  the  three  principle  strains  on  an  element  of  material. 

•J.  ii  Ci 


e- 

o 

’  -J7  '  ? 

The  logic  is  illustrated  in  Fig.  38. 

Thermal  Fatigue  Damage  Analysis.  The  thermal  fatigue  damage  analysis  makes  use 
of  one  of  two  approaches  in  the  individual  evaluation  of  fatigue  damage  for  a 
variable  temperature-strain  cyd4e .  One  approach  utilizes  a  modification  of  the 
"method  of  universal  slopes"  which  is  based  on  material  tensile  properties,  the 
other  method  utilizes  isothermal  fatigue  data  in  an  incremental  evaluation  of  the 
damage  from  the  strain  cycle.  The  method  involving  the  isothermal  fatigue  data 
is  given  preference  since  it  uses  experimental  data  rather  than  a  correlation 
equation  and  would  be  more  accurate. 

Thermal  Fatigue  Damage  Analysis  Using  the  Method  of  Universal  Slopes.  The  thermal 
fatigue  damage  analysis  which  makes  use  of  the  method  of  universal  slopes  is 
graphically  illustrated  in  Fig.  39.  The  method  is  used  when  isothermal  fatigue 
data  is  unavailable.  The  straining  process  with  temperature  varying  is  considered 
incrementally.  Allowable  cyclic  life-,  N^,  for  the  strain  range,  is  based  on 
average  values  for  the  Ftu/E  Tatio  and  RA  obtained  over  the  temperature  range 
of  the  calculated  strain  cycle.  Fatigue  damage  is  then  determined  by  Miner's 
rule  (Ref.  15)  which  is  the  linear  summation  of  the  required  or  actual  number 


of  cycles,  n»  to  be  imposed  on  the  material  divided  by  the  allowable  number  of 
cycles,  predicted  for  the  material  at  the  specific  strain  range,  of 
interest.  Plots  of  F  ,.  E  and  RA  versus  temperature  for  the  materials  investigated 
in  this  program  are  given  later  in  Task  III. 

-Thermal  Fatigue  Damage  Analysis, Using  Isothermal  Fatigue  Data.  A  better  method 
of  determining  fatigue'damage  using  isothermal  fatigue  data  is  schematically 
illustrated  in  Fig.  40.  The  straining  process  with  varying  temperature  is  con¬ 
sidered  incrementally.  A  plot  of  fatigue  life  versus  temperature  for  the  specific 
strain  range  of  interest  is  the  key  element  in  the  incremental  technique.  The 
cycles  to  failure  for  the-  strain  range  of  interest  is  obtained  for  each. temp¬ 
erature  from  the  corresponding  isothermal  strain-cycle  curve.  The  number  of 
allowable  cycles,  N^,  for  the  strain  range,  is  found  by  averaging  the  value 
of  over  the  operating  temperature  range.  Fatigue  damage  is  assessed  by 
Miner's  rule,  the  summation  of  the  actual  number  of.  cycles,  n,  divided  by  the 
number  of  allowable  cycles,  N^,  for  the  specific  strain  range,  et. 

Creep  Damage  Analysis.  Total  creep  damage  for  the  total  duration  is  determined 
by  *  he  summation  of  the  ratio?  of  time  spent  at  a  particular  stress  to  the  time 
to  rupture  at  that  stress. 


An  illustration  of  the  summation  process  is  given  in  Fig.  41.  If  the  temperature 
is  varying  simultaneously  with  the  stress,  the  time  to  rupture  curve  for  the 
specific  temperature  is  used  for  each  stress  increment.  Ihe  time  to  rupture  data 
that  is  used  in  this  report  is  obtained  from  monotonic  load  based  creep  rupture 
tests.  This  has  been  shown  to  be  conservative  by  Halford  (Ref.  16),  who 
obtained  the  time -to  rupture  from  a  ‘'cyclic"  creep  rupture  test.  "Cyclic"  creep 
rupture  data  is  obtained  from  an  isothermal  test  that  is  run  at  zero  net  strain. 
In  the  teat  a  tensile  stress  is  applied  and  held  constant  until  a  desired  amount 
of  tensile  creep  strain  is  accumulated,  the  process  is  reversed  under  compressive 
Stress  until  a  similar  amount  of  net  compressive  creep  strain  is  accumulated. 
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The  specimen  is  cycled  in  this  manner  until  failure  when  the  time  to  rupture 
for  the  testing  is  recorded.  This  is  believed  to  better  simulate  service  con¬ 
ditions  since  it  eliminates'  the  life  shortening  influence  of  area  reduction, 
void  coalescence  and  necking  instability  of  the  monotonic  creep  tests  which  are 
normally  not  present  in  an  engineering  structure.  At  the  design  conditions 
imposed  on  the  thrust  chamber  of  this  program  the  creep  damage  component  on  the 
thrust  chamber  wall  is  small  and  little  inaccuracy  is  introduced  using  monotonic 
creep  rupture  data.  On  future  designs  where  operating  conditions  such  as 
reduced  coolant  flowrate  or  available  pressure  drop  or  higher  heat  flux  forces 
the  design  further  into  the  material  creep  range,  use  of  cyclic  creep  rupture 
data  will  be  of  more  importance. 


Damage  During  Stress  Relaxation.  Damage  during  the  stress  relaxation  part  of 
the  thrust  chamber  duty  cycle,  is  a  special  condition  that  needs  to  be  evaluated. 
The  procedure  followed  during  stress  relaxation,  when  the  stress  is.  varying  with 
time,  is  to  evaluate  the  damage  as  the  accumulation  of  the  incremental  creep 
damage,  <J>c>  The  increment  of  creep  rupture  damage  is  set  equal  to  the  integral 
of  the  time  at  stress  over  the  time  to  rupture  at  that  stress  (Ref.  17); 


Equation  1 


creep  rupture  damage  for  a  stress  cycle  of 

duration,  t. 

x 

increment  of  time  at  the  instantaneous  stress,  a 
time  to  rupture  at  the  instantaneous  stress,  a 


To  solve  the  creep  damage  integral  under  the  condition  of  stress  decaying  at 
constant  strain^  two  relations  are  used. 
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and 


1/E  +  e  =  0 

E  =  Young's;  Modulus 

Creep; strain  data  versus  time  at  constant  stress  and  temperature  are  used  to 
obtain  the  creep  law  constants  K  and  N. 


The  total  creep  damage,  <}>c,  is  given  by 


A-  =  T"'  AA 

rc  -  -cr^re 

Creep  rate  law  and  stress  versus  Larson-Miller  parameter  curve  constants  for 
NARloy-Z  are  furnished  in  Task  III. 

Total  Damage.  The  equation  used  to  calculate  the  total  damage ,  4>t,  caused  by  the 
interaction  of  fatigue  and  creep  takes  the  following  form: 

*t  =  +  *c 


where 


<j>t  =  total,  damage 
<t>£  —  fatigue  damage 
<p  =  creep  damage 

V 


for  the 
variable 
temperature 
cycle 


Calculation  of  the  individual  fatigue  and  creep,  damage  components  have  already 
been  discussed.  The  total  damage  is  found  as  the  sum  of  the  two  components  with 
the  total  equal  to  one  at  failure.  Thermal  fatigue  life  is  calculated  as  the 
reciprocal  of  the  total  damage  per  cycle  based  on  the  above.  Observation  pre¬ 
sented  by  other  investigators  (Ref,  5,  18,  and  19)  indicate  that  a  more 
complex  Interaction  equation  between1  fatigue  and  creep  damage  may  be  more  accu¬ 
rate  in  that  a  total  damage  summation  of  less  than  one  can  cause  failure,  however 
there  was  no  data  available  to  substantiate  this. 

Application  of  Analysis  Methods 


An  example  is  discussed  in  this  section  to  demonstrate  the  method  of  determin 
the  thermal  fatigue  life  of  the  thrust  chamber  hot  gas  wall.  The  details -of 
heat  transfer,  stress  and  strain  analysis  are  not  included  since  they  de  not 
to  the  understanding  of  the  life  analysis  Method. 
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Description  of  Problem,  The  thrust  chamber  wall  is  subjected  to  a  duty  cycle 
temperature  range  of  80  F  to  870  F  resulting  it  an^et-£e£tive  strain  range  of 
0.0135  in. /in.  The  stress -strain- time-history  ftf  the  duty  cycle  is  sketched 
below. 


Isothermal  Fatigue  Damage  Analysis.  Fatigue  life,  Nj,  is  obtained  for  the  duty 
cycle,  effective  strain  range  of  0.0135  in./in.  from:  Pig ,  42. 

a  7200  cycles  (best  fit). 


Fatigue  dac/ge,  A&£,  for  the  duty  cycle  is  determined  from: 
A4>*  - 


n 

N, 


A<j) 

A<t> 


7200 


1.39  x  iO 


-4 


Thermal  Fatigue  Damage  Analysis.  Using  isothermal  fatigue  data*  fatigue  damage 
is  calculated  for  the  duty  cycle  using  a  life  cycle  versus  temperature  curve  as 
an  alternative  method  of  analysis,  Fig;  43.  The  curve  is  constructed  from  the 
isothermal  fatigue  data  of  Task  III  for  the  effective  strain  range  of  0.0135 
in./ihj  The  data  used  for  the  construction  is  tabulated  below: 


Temperature 

Cycle  to. Failure 

(F) 

'•-(Kf) 

70 

4000 

300 

3200 

500 

14,500 

750 

10,000 

1000 

8.600 

1200 

3,100 

The  average  number  of  cycles 

to  failure,  (N^)  "'for  the  80  F  to  870  F  temperature 

range  of  the  .thermal  cycle  as 

determined  from  the  curve  of  Fig.  43  is: 

=  8200  cycles 


Fatigue  damage,  A^,  for  the  duty  cycle  is  determined  from: 
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Pr-'cedurV  for  calculating  fatigue  damage  using  the  method;  of  universal  slopes  is 
included  for  comparison.  Average  values  uf  Ftu/E  and  SA  for  the  80  F  to  870  F 
temperature  range  are  determined  from  curves  of  these  properties  versus  temperature. 

( 

Given r 

et  =  0.0135  in. /in. 

Nf  is  calculated  by  substituting  the  above  values  in: 


Nf  «■  ,2000  cycles 


Fatigue  damage,  for  the  duty  cycle  is  determined  from: 

fl*f  *'  %- 

t*.  ■  .  i 

-2000 

A$f  «  5.00  x  10‘4 

The  calculation-  by  the  universal  slopes  method  indicates  a  fatigue  damage  fraction 
that  is  conservative  (higher!  by  a  3*5  factor  when  compared  to  the  calculation  of 
part  (a)  based  on  isothermal  fatigue  data. 

Creep  Damage  Analysis.  Creep  damage  is  calculated  for  the  two  second  hold-time 
when  the  material  in  the  hot  gas  wall  is  held  at  a  constant  level  of  compressive 
strain.  The  creep  damage  occurring  during  3train  cycling  is  considered  to  be 
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included  in  the  basic  zero  hold-time  fatigue  data  since  the  data  is  obtained  at 
a  strain  rate  similar  to  that  experienced  during  the  transient  portion  of  the 
duty  cycle. 


The  creep  damage  for  the  duty  cycle,  A<{>  ,  is  calculated  from: 

v 


M  t20 


At 


AT  10 
KE  1  +  AT  (N-i) 


k 


KE  (N-l)  t  +  So 


Cl 


1 

(N-l)  AT 


+  1 


t. 

■l 


whereti  =  3000  h0UrS 


T  = 
So  = 
E  = 

A  ■ 

C  = 

K  = 
N  * 


870  F  +  460  F  =  1330  F 

20.2  KSI  (from  cyclic  a-e  data  at  et  =  .0135  and  870  F) 

12,500  KSI  (from  same  data  as  So) 


-9.0518  x  10 


3.815 

10-20*2 

14.6 


=  6.31  x  10 


■21 


From  Table  2  and  3 
and  Figure  44 


A<}»  =  7.23  x  10 

-c 


-5 


Total  Damage  and  Life  Prediction.  The  total  ,  ^ 
duty  cycle  is  given  by: 


for  a  thermal  fatigue 


=  + 

A<f> 

=  10”4  + 

7 

u*t 

=  2.133  X 

10 

-4 


73 


Table  2.  Stress  vs  Larson-Miller  Parameter 
Constants  for  NARldy-Z 

For  log  cr  =  A  P  +  C 
where 

P  =  T  (20  +  log  tr) 

A  =  -9.0158  x  10-5,  c  =  3.815 

T  =  temperature,  R 

<7  =  stress,  ksi 

t  j*  time,  hr 
r 


Table  3.  Creep  Rate  Law  Constants 
Temperature, 


F 

N 

K 

700 

19.2 

2.9  x  10~31 

800 

16.1 

9.6  x  10"25 

900 

13.9 

1.0  x  10~19 

1000 

12.5 

6.2  x  10~16 

1200 

8.7 

4.5  x  lO'9 

O’  =  stress,  ksi 

• 

6  =  strain  rate, 

in. /in. /hr 

Data  from 

Reference  22 
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The  life  prediction  is  given  by  the  reciprocal  of  the  total  damage  per  cycle. 


•» 

i 


i 

c  A*t 

=  4670  Cycles 
TASK  III  -  MATERIALS  AND  PANEL  TESTING 

The  purpose  of  Task  III  was  to  obtain  basic  material  properties  and  fatigue 
properties  on  the  materials  of  interest.  This  involved  assimilation  of  available 
data  as  well  as  laboratory  testing  to  obtain  (1)  basic  materials  properties, 

(2)  isothermal  fatigue  data,  (3)  thermal  fatigue  data,  and  (4)  thermal  cycling 
tests  of  panels.  Results  of  each  are  presented  in  the  following  paragraphs. 

Material  Properties 

Basic  physical  properties  of  the  materials  of  interest  are  presented  in  Eig.  44 
through  55.  The  NARloy-Z  and  zirconium-copper  data  were  generated  on  this  pro¬ 
gram,  while  the  *ilickel-206  data  were  taken  from  the  literature  and;  the  powder 
metallurgy  nickel  data  were  taken  from  a  previous  program. 

The  material  properties  were  determined  using  established  test  parameters  and 
techniques.  Thermal  conductivity  of  the  two  copper  alloys  was  determined  on 
small  (0.25  dia  by  0.060  to  0.125  long)  bars  by  measuring  thermal  diffusivity  on 
the  apparatus  shown  in  Fig.  56  and  converting  to  thermal  conductivity  by  means 
of  the  equation 


where 

K  =  aCpp 

K  =  thermal  conductivity 
a  =  thermal  diffusivity 
Cp  =  specific  heat 
p  density 

Life 

Life 
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DUCTILITY,  %  STRESS,  KSI 


TEMPERATURE,  F 

Figure  44.  tensile  Properties  of  NARioy-Z 
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NARloy-Z  | 


TIME,  HR 

Figure  48.  Stress  Pupture' Properties  of  NARloy-Z  and 
Zirconium-Copper’ 


DUCTILITY,  %  STRESS,  KSI 


TEMPERATURE,  F 

Figure  SO.  Tensile  Propertied  of  Zirconium 
Copper 
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THERMAL  CONDUCTIVITY 


Figure  54.  Thermal  Conductivity  of  Pure  Nickel 
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Figure  S6.  Elevated  Temperature  Thermal  Conductivity  Tests 


As  a  reference  OFHC  copper  bars  were  also  tested  and  results  (Fig, 
on  a  percentage  of  OFHC  copper  conductivity. 


Isothermal  Fatigue  Tests 


47  )  presented 


Isothermal  fatigue  testing  was  performed  on  laboratory  specimens  of  NARloy-Z, 
zirconium-copper,  sintered  nickel  and  wrought  nickel-200  to  determine  the  effGc.t 
of  strain  rate,  temperature,  strain  range  and  tensile  and/or  compressive  hold 
time  on  fatigue  life. 

The  low  cycle  strain  controlled  fatigue  tests  were  run  on  an  MTS  Universal  testing 
machine.  The  strain  range  of' "the  tests  was  controlled  by  the  output  of  a  linear 
variable  differential  transformer  (LVDT)  that  is  a  component  of  the  extensometer 
attached  to  the  specimen.  The  axial  surface  strains  were  calibrated  as  a  function 
of  extensometer  displacement  using  strain  gages  on  the  specimen  gage  length.  This 
calibration  was  done  at  ambient  temperature  and  400  F.  A  quartz  lamp  furnace  was 
used  to  radiantly  heat  the  specimen  for  the  elevated  temperature  testing.  The 
furnace  was  water  cooled,  and  purged  with  argon  to  minimize  specimen  oxidization. 

The  NARloy-Z  and  zirconium  copper  specimens  weio  tested  at  various  temperatures 
ranging  from  70  F  to  1200  F,  at  axial  surface  strain  ranges  of  0.75  to  2.1  per¬ 
cent,  and  strain  rates  of  0.1  and  0.01  in. /in. /sec.  Sintered  nickel  specimens 
were  tested  at  70  F,  1000  F  and  1400  F  at  axial  surface  strain  ranges  of  1.0  and 
2.0  percent  and  a  strain  rate  of  0.2  in. /in. /sec.  Initial  tensile  load  drop  was 
used  as  the  failure  criteria.  Some  l-ife  tests  were  runs  with  15  seconds  tensile 
and/or  compressive  hold  times. 

The  results  can  be  summarized  as-  follows: 

1.  The  NARloy-Z  material  exhibited  longer  life  than  the  zirconium-copper 
for  similar  conditions  of  isothermal  low  cycle  fatigue  testing. 
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2.  The  zirconium-copper  cycle  life  is  reduced  by  a  factor  of  two  by  testing 
at  a  slower  strain  rate  while  the  NARloy-Z  cycle  life  was  unaffected  for 
rests  conducted  at  1000  F  and  the  same  strain  range. 

3.  Hold  time  at  peak  tensile  strain  lowers  specimen  life  for  NARloy-Z  and 
zirconium  copper. 

4.  The  onset  of  rapid  tensile  load  drop  was  inconclusive  as  a  failure 
criteria  for  testing  with  hold  time  at  peak  compressive  strain. 

5r,  NickelrZOO  material  exhibited  longer  life  than  the  power  metallurgy 
nickel  for  similar  test  conditions. 

A  detailed  discussion  of  test  procedures,  specimen  design,  test  results,  etc,,  is 
presented  in  the  following  paragraphs. 

Test  Plan.  The  isothermal  fatigue  tests  were  conducted  to  investigate  the  effect 
of  material,  temperature,  strain  rate  and;  hold  time  at  peak  strain  on  elevated 
temperature  fatigue  life.  The  fpur  strain  controlled  waveforms  (illustrated  in 
Fig.  57  )  investigated  were  Wore  zero  hold  time,  tensile  hold  time,  compressive 
hold  time  and  eoual  tensile  and  compressive  hold  time. 

Test  Description.  Low  cycle  strain  controlled  fatigue  tests  were  run  at  constant 
ambient  and  elevated  temperature  on  an  electro-hydraulic  MTS  Universal  Testing 
Machine.  The  main  components  in  the  test  setup  are  depicted  schematically  in 
Fig.  58  and  59. 

The  top  ram  of  the  MTS  loading  system  introduced  axial  displacement  to  the 
specimen.  The  ram  motion  was  controlled  by  the  voltage  output  of  a  linear  vari¬ 
able  differential  transformer  that  is  part  of  the  extensometer  attached  to  the 
specimen.  Sinces  the  extensometer  hangs  from  the  specimen,  it  measures  only 
displacement  of  the  specimen  gage  length.  The  extensometer  was  calibrated  using 
strain  gages  in  the  specimen  gage  length.  The  specimen  axial  surface  strain  yas 
obtained  as  a  known  function  of  extensometer  displacement.  This  is  discussed  in 
detail  under  specimen  calibration. 
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A  quartz  lamp  furnace  was  used  to  radiantly  heat  the  specimen  for  the  elevated 
temperature  testing.  The  furnace  was  water  cooled  and  purged  with  argon  to 
prevent  specimen  oxidation.  The  furnace  was  controlled  by; cnermocouples  attached 
to  the  specimen  as  depicted  in  Fig,  59.  Temperature  control  was  maintained  with¬ 
in  3  degrees  F. 

The  normal  sequence  followed  during  elevated  temperature  testing  is  as  follows: 

1.  The  specimen  was  installed  in  the  top  pull  arm. 

2.  The  top  ram  was  lowered  till  the  specimen  rests  oh  the  bottom 
pull  arm. 

3.  The  specimen  was  secured  to  the  bottom  pull  arm  with  the  load  on 
the  specimen  kept  to  a  minimum. 

4.  The  extensometer  grips  were  attached  to  the  specimen. 

a.  The  electronic  hookup  was  made  and  LVDT  core  was 
centered  in  the  coil. 

5..  The  furnace  was  placed  around  the  specimen  (deleted  for  ambient 
temperature  testing) . 

a.  Thermocouples  were  connected. 

b.  The  cooling  water  and  argon  gas  attachments  were  made. 

c.  The  specimen  was  heated-  to  the  test  temperature  maintaining 
zoro  load  on  the  specimen. 

6.  The  test  amplitude,  frequency  (end  hold;  time)  were  set  on  the 
MTS  machine  controls. 

7.  The  MTS  machine  was  put  in  "strain  control"  (extensometer  LVDT) 
and  testing  was  started.  Load,  extensometer  deflection  and  ram 
stroke  signals  were  recorded'  on  an  oscillogram. 

a-,  A  polaroid  snapshot  of  the  load-extensometer  deflection 
hysteresis  loop  was  taken  from  the  oscilloscope. 

The  data  acquisition-network  is  schematically  illustrated  in  Rig. 


Test  Fixture  Design  and  Alignment.  The  fixture  assembly  (Fig.  61)  was  designed 
to  be  as  rigid  as  possible  to  minimize  deflections  during  compression  loading. 

The  buttonhead  specimen  grip  was  designed  to  minimize  high  temperature  creep 
which  was  encountered  on  earlier  threaded  specimens.  The  fixture  consists  of 
upper  and  lower  pull  bar  assemblies  and  the  extensometer  assembly,  'ihe  Ouad- 
Elliptical  radiation  heating  furnace,  shown  in  phantom  on  Fig.  61,  fits  around 
the  pull  bars  and  provides  a  heated  zone  of  approximately  10.0  inches  long.  Each 
pull  bar  has  a  Rene  41  split  flange  grip  which  bolts  down  on  the  buttonhead  ends 
of  the  specimen.  The  Rene  41  studs  and  A-286  nuts  which  hold  the  split  flanges 
in  place  are  oxidized  in  air  prior  to  use  to  provide  a  high  temperature  anti¬ 
seize  coating.  The  studs  are  long  enough  to  extend  out  of  the  hot  zone  of  the 
pull  bars  so  that  the  stud  to  pull  bar  threads  will  not  present  any  galling 
problems. 

The  •part  of  the  pull  bars  that  is  heated  by  the  furnace  is  made  of  Inconel  718 
and  is  water  cooled  just  outside  of  the  furnace.  Beyond  the  coolant  circuit  the 
top  pull  bar  body  is  welded  to  a  CRES  flange  and  the  bottom  pull  bar  body  is 
welded  to  a  GRES  yoke. 

The  joint  between  the  top  pull  bar  and  the  ram  of  the  MTS  machine  consists  of  a 
collar  threaded  onto  the  ram  and  a  flange  on  the  pull  bar  which  is  preloaded 
against  the  end  of  the  ram  by  six  bolts  through  the  cellar.  The  null  bar  can  be 
adjusted  for  angularity  and  concentricity  by  moving  sideways  slightly  or  differ¬ 
entially  torqueing  the  six  bolts. 

The  joint  between  the  bottom  puli  bar  and  the  load  cell  on  the  base  of  the  MTS 
machine  consists  of  a  spherical  seat  that  can  be  moved  sideways  and  angled  for 
alignment.  The  joint  is  preloaded  j>y  applying  a  tension  load  in  excess  of  the 
operating  loads  to  the  pull  bar  with  the ;MTS  machine  and  torqueing;  two  spiral 
washers  against  each  other  to  take  up  any  slack  in  the  joint;  When  the  load  is 
released  the  joint  is  preloaded.  After  assembly  of  the  fixtures  to  the  MIS  load 
frame,  d  special  strain  'gaged  specimen  is  installed  to  obtain  system  alignment 
within  200  uucro-inches  per  inch.  Adjustment  of  angle  and  offset  is;  made  at  the 
joint  above  the  load  cell  (Fig*  62), 


Figure  61,  Test  Fixture  for  Isothermal 
Fatigue  Tests 
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.The  axial  extensometer  assembly  consists  of  grips  which  clamp  to  notches  in  the 
body  of  the  specimen,  rods  which  transfer  motion  ^to  the  center  of  the  lower  pull 
bar  and  a  microformer  to  measure  the  strain.  The  core  of  the  microformer  is  sus¬ 
pended  from  one  notch  and  t1 —  transformer  from  the  other  notch  so  that  the  relative 
motion  between  core  and  transformer  is  equal  to  the  motion  between  notches. 

The  Quad-Elliptical  radiation  heating  furnace  contains  four  quartz  lamps  which 
are  focused  on  the  specimen  by  elliptical  water  cooled  reflectors.  The  furnace 
has  provisions  for  purging  the  heated  zone*  with  inert  gas.  The  furnace  is 
supported  from  the  FITS  machine  frame  and  is  moved  into  place  around  the  pull  bars 
during  tosting. 

Specimen  Design.  The  test  sSpecimen  geometric  features  that  involve  special  con¬ 
siderations  are  the  tubular  shape;  the  i.rraUvt  gage  length  and  the  3/4-inch 
transition' radius  to  the? gage  length.  A  sketch  of  the  specimen  is  given  in 
Fig.  63.  The  tubular  shape  was  chosen  to  represent  a  typical  thrust  chamber  wall 
thickness  (~  0.035  inches).  In  addition,  there  is  access  for  cooling  if  a  thermal 
fatigue  test  is  desired  while  retaining  similarity  between  isothermal  and  thermal 
fatigue  specimen.  The  straight  section  in  the  specimen  gage  length  is  provided 
for  the  location  of  strain  gages  used  for  calibration.  The  3/4-inch  radius  is 
provided  to  reduce  the  strain  concentration  in  tfe  specimen  .gage  length.  Early 
in  the  program  a  1/4-inch  radius  specimen  was  used.  The  strain  concentration  in 
the  specimen  gage  length  was  suspected  to  be  excessive.  A  computer  analysis  was 
made  which  shewed  that  a  3/4-inch  radius  specimen  would  reduce  this  effect.  The 
large  radius  makes  the  strain  'distribution  more  uniform.  The  improvement  in  the 
strain  distribution  effected  by  the  radius  was  determined  for  a  solid  nickel-200 
specimen,  A  comparison  of  the  strain  ratio,  as  shown  in  Table  4,  at  the  center 
of  the  specimen  gage  length  for  1/4-inch  and  3/4-inch  radii  was  used  as  a  measure 
of  the  improvement.  The  ratio  was  checked  at  70  F  and  1400  F  v/ith  an  average 
improvement  of  28  percent. 
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The  NARloy-Z,  zirconium- copper  and  nlckelr200  specimens  were  machined  from  forged 
plates  using-  the  same  parameters  anu  procedures  established  for  thrust  chamber 
fabrication.  The  powder  metallurgy  nickel  specimens  were  fabricated  using 
specially  blended  nickel  powders  and  a  two-step  pressing  and  sintering  procedure 
previously  established  at  Rocketdyne. 

The  nickel  powder  blend  was  processed  by  blending  and  pressing  into  bars  a  mixture 
of  80  percent  medium  mesh  (7-9  microns)  powder  with  20  percent  fine  mesh  (2-3 
microns)  powder.  These  bars  were  then  crushed,  pulverized  and  screened  to  a 
50-150  micron  mesh  and  blended  (in  an80-20  percent  ratio)  with  additional  fine 
powders  to  form  the  powder  blend  to  be  used  in  making  the  hardware.  The  resulting 
powder  blond  has  very  high  purity,  good  compaction,  ductility  and  flowing  parameters 
(required  for  high  fill  densities),  excellent  sinterability,  and  good  grain 
strength  allowing  for  precision  machining  of  as -pressed  hardware. 


The  nickel  powder  was  initially  packed  and  pressed  at  55,000  psig  while  at 
ambient  temperature.  This  was  followed  by  sintering  of  the  free  standing  part 
at  2300  F  for  three  hours.  Following  this  the  specimens  were  machined  to  final 
configuration  for  laboratory  testing. 

Specimen  Calibration.  Specimen  calibration  was  performed  under  both  static  and 
dynamic  conditions  using  strain  gages  mounted  on  the  specimen.  Calibration  was 
made  at  70  F  and  400  F  for  each  of  three  strain  ranges  for  the  NARloy-Z  and 
zirconium-copper  materials  and  each  of  two  strain  ranges  for  the  Nickel-2000 
and  sintered  nickel.  The  upper  bound  calibration  temperature  was  400  F  since 
it  was  the  limiting  temperature  of  the  strain  gages.  Typical  curves  of  sV-sln 
versus  extensometer  displacement  obtained  from  calibration  are  plotted'  in  Fig.  64 
through  67.  The  average  strain  of  two  strain  gages  located  180  degrees  apart  on 
the  specimen  gage  is  plotted.  The  gages  measured  surface  strain  in  the  axial 
direction.  During  calibration  the  MTS  machine  displacement  was  imposed  manually. 
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Calibration  of  ExtonsQmotor  Deflection  with  Strain  Gages 

at  Room  Temperature 
Zirconium-Copper.  Heat  329-6 


Figure  64.  Isothermal  Fatigue  Test  Extensometer  Deflection  vs  Strain 


Figure  65.  Isothermal  Fatigue  Test  Extensometer  Deflection  vs  Strain 


EXTENSOMETER  DEFLECTION,  IN 


Calibration  of  Extensometer  Deflection  with  Strain  Gages 

at  Room  Temperature 
Powder  Metallurgy  Nickel,  Specimen 
5-23  T 


Figure  66.  Isothermal  Fatigue  Test  Extensometer  Deflection  vs  Strain 
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CaliBration  of  Extensometer  Deflection  with  Strain  Gages 

at  Room  Temperature 
Nickel- 200 
Specimen  N-13-C 
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Figure  67.  Isothermal  Fatigue  Test  Extensometer  Deflection  vs  Strax 


The  calibration  was  made  in  compression  corresponding  to  the  first  direction 
the  material  is  strained  during  its  use.  The  strain-displacement  relationship 
from  the  first  quarter  cycle  was  used  to  set  the  extensometer  displacement 
amplitude  for  each  test  as  illustrated  below. 


Displacement 

(Strain) 


First  Quarter  Cycling 


This  vas  done  to  eliminate  the  effect  of  cycling  on  the  strain-displacement 
relationship  so  the  data  could  be  applied  directly  to  the  life  analysis  of  the 
engine  hot  gas  wall.  After  the  initial  calibration  the  specimen  was  manually  and 
dynamically  cycled  at  the  test  displacement  to  verify  that  the  static  output 
equaled  the  dynamic  output.  The  strain  gage  output  for  the  manual  cycles  was 
read  on  a  portable  strain  recorder.  The  dynamic  output  was  read  from  the  record 
of  an  oscillograph  as  the  specimen  was  cycled.  The  manual  and  dynamic  verification 
was  repeated  at  400  F.  In  all  cases,  the  readings  were  the  same. 


A  computer  analysis  of  a  test  specimen  was  performed  early  in  the  program  to 
determine  the  influence  on  experimental1  accuracy  of  testing  beyond  the  calibra¬ 
tion  temperature  range.  The  specimen  geometry  used  in  this  analysis  was  the 
solid  1/4-inch  diameter  gage  length  with  a  1/4-ir-ch  radius  transition  section, 

Fig.  68.  Nickel-200  was  used  for  the  specimen  material.  Using  the  room  temp¬ 
erature  calibration  data  to  predict  the  strain  for  a  given  displacement  at  1400  F, 
the  error  introduced  was  calculated.  The  results  are  summarized  in  Fig,  69. 

Based  on  the  results  for  maximum  test  strain  amplitude,  e  ,  of  .011  in. /in.  an 

t 

error  of  10  percent  would  be  estimated.  The  error  would  be  on  the  conservative 
side  since  the  results  would  indicate  the  strain  to  be  lower  than  it  actually 
is,  giving,  a  lower  life  for  the  strain  amplitude  than  would  be  the  case  for  the 
real  value., 
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The  negative  sign:  Indicates  the  Imposed  strain  at  1400F  Is 
underestimated  based  on  the  room  temperature  calibration. 


Figure  69.  Specimen  and  Computer  Model 


Test  Results.  Isothermal  strain  controlled  low  cycle  fatigue  data  obtained  on  the 
materials  of  interest  (NARloy-Z,  zirconium-copper,  sintored  nickel  and  wrought 
nickel-200)  aril  presented  in  this  section. 

It  is  noted  that  before  the  isothermal  low  cycle  fatigue  data  Was  plotted,  the 
axial  surface  strain  range  for  each  test  was  changed  to  the  effective  strain 
range  using  the  results  of  a  finite  element  eleastic-plastic  computer  analysis  of 
the  specimen  as  discussed  previously  in  Task  II.  This  is  done  to  provide  the 
method  of  relating  the  strains  in  the  test  specimen  to  those  in  any  general 
application. 

The.  onset  of  rapid  tonsile  load  drop  detected  from  tensile  load-cycle  plots  was, 
used  to  determine  the  number  of  cycles  to  failure  for  each  test.  Plots  of 
typical  tensile  load-cycle  data  are  given  for  zirconium-copper  in  Fig*  70  to 
illustrate  the  method. 

The  basic  cycle  life  data  (zero  hold  time)  for  the  NARloy-Z  and  zirconium  copper 
are  presented  in  two  ways  for  each:  material  (rig.  71  through  83)  :  a- composite 
plot  is  given  for  all  data  points  at  all  test  temperatures  and  a  second  set  of 
plots  is  given  for  the  data  at  each  test  temperature.  Data  on  the  composite 
plots,  Fig.  41  and  42,  are  fitted  either  by  a  curve  obtained  using  a  modified 
form  of  the  Universal  Slopes  Manson  equation  discussed  previously  (Ref.  24), 
based  on  average  material  properties  for  the  temperature  range,  or  by  a  curve 
obtained  for  the  "best  fit"  to  the  data.  The  "best  fit"  was  found  using  a 
numerical  procedure  that  permits  the  choice  of  curve  constants  that  minimize  the 
standard  deviation  of  the  data.  For  zirconium-copper,  the  modified  Universal 
Scopes  and  "best  fit"  curves  are  translated  up  or  down  to  define  the  corresponding 
upper  or  lower  bound  of  the  data;  It  is  worth  noting  that  the  slope  of  the 
zirconium-copper  and  the  NARloy-Z  "best  fit"  curvos  differ  markedly  from  'the 
slope  of  the  respective  modified  Universal  Slopes  curves.:  For  NARloy-Z,.  the 
modified  Universal  Slopes  curve  plots  below  the  data  and  is  translated , up  to 
define  both  the  lower  and  upper  bounds.  The  "best  fit"  curve  is  translated 
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Bi gure  70s  Tens i 1 e 


Isothernal  Cyclic  Test  Data  -  NARloy-Z  Heat  S402 


Temperature  -  1200F 


NARloy-Z  Heat  D-5402 
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Temperature  -  1200F 


up  or  do wn  to  define  the  upper  and  lower  bounds..  A  comparison  p£  the  "best  jit" 
curves  for  NARloy-Z  and  zircon  lush- copper  is  shown  in  Fig.  84  ,  It  indicates  that 
cyclic  life  of  NARloyrZ  is  considerably  greater  than  that  of  zirconium- 
copper  -over  the  full  strain  range  of  interest. 

the  second  set  of  plots  given  for  the  NARioy-Z  and  zirconium-copper  data  at  each 
test  temperature  are  also  furnished  with  "best  fit"  curves.  These  individual 
temperature  plots  givd  a  better  definition  of  the  data  than  the  composite  plots 
but  mpre  data  is  needed  to  verify  the  accuracy  of  the  curie  constants. 

All  of  the  NARloy-Z  and  zirconium-copper  tests  except  two.  were  run  at  a  strain 
rate  of  Q.i  ihv/ihv/3ec,  these  two*  one  per  material,  were  fun  at  0,01  in./in./sec, 
1000  F  end  an  axial  surface  Strain:  range  of  2,1  percent'.-  The  results  are  included 
in  the  cycle  life  plots  of  Fig;  42  and  71. 

Several  tests  with  is  second  hold' times  at  peak  strain  were  run  on  both  NARlpy-Z 
and  zirconium-copper  specimens.  Data  whore  cyclic  life  could  be  determined  are 
plotted  in  Fig.  76,  77,  H2t  and-  83.  These  included  two  tests  of  NARloy-Z  and 
two  on  zirconium-copper  ail  with  IS  second  hold’  times  at  peak  tensile  strain. 

The  NARloy-Z  tests  were  run  at  1200  F  and  1.5  percent  axial  surface  strain  range 
and  1000  F  and  2.1  percent  axial  surface  strain  range.  The  accuracy  of  the 
latter  test  point  is  questionable  because  a  170  Hz  noise  at.  10  percent  of  the 
test  strain  range  was  present  on  the  2.1  percent  strain,  range.  This  noise  was 
associated  with  the  hydraulic  pump  used  on  the  MTS  machine.  This  could  reduce 
the  recorded  cyclic  life.  The  zirconium-copper  tests  were  run  at  1200  F  and 
2.1  percent  axial  surface  strain  range.  All  hold  times  at  'jeak  tensile  strain 
lowered,  life.  Cycles  to  failure  could  not  be  determined  for  the  tests  containing 
compressive  hold  time  because  the  onset  of  rapid  tensile  load  drop  could  not  be 
detected  from  the  lodd-cycle  plots.  Examples  of  this  are  ^een  in  Fig.  85,  86, 
and  87  in  one  case,  specimen  cracking  was  observed  without  any  discernible 
load  drop.  The  materials  were  apparently  too  weak  at  the  1000  F  and  1200  F  test 
temperature  to  respond  with  other  than  a  gradual  load  decay. 
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Cycle  life  was  obtained  for  wrought  nickel-200  for  two  axial  surface  ranges: 

1  percent  and  2  percent  and  three  temperatures  70  F,  1000  F  and  1400  F,  Fig.  88. 

Two  tests  of  the  powder  metallurgy  nickel  were  completed  at  1400  F,  one  at  1  percent 
■and  the  other  at  2  percent  axial  surface  strain  range.  The  nickel  200  material 

had  more  cyclic  life  than  the  powder  metallurgy  nickel  at  the  1400  F  test  condition. 
The  one  hold  time  test  at  peak  compressive  strain  *un  on  nickel  200  material  at 

2  percent  axial  surface  strain  gave  inconclusive  results. 


Differential  Temperature  Fatigue, Tests 

In  addition  to  the  isothermal  fatigue  test  effort  discussed  previously,  considera¬ 
tion  was  also  given  to  conducting  differential  temperature  fatigue  tests  on 
appropriate  specimens.  In  this  type  of  testing  the  specimen  is  totally  restrained 
while  being  heated  from  ambient,  to  some'  predetermined  elevated  temperature  level 
and  then  cooled  to  ambient.  This  imposes  an  ctAT  type  of  strain  on  the  specimen 
more  closely  duplicating  the  environment  of  a  thrust  chamber  than  the  isothermal 
fatigue  testing. 

Specimen  Design.  Two  types  of  specimens  (Fig.,89  ),  tubular  and  beam-rtype,  were 
designed.  The  tubular  specimen  consists  of  a  tube  restrained  at  both  ends  while 
being  cyclically  resistance  heated  and  air  cooled.  The  temperature  gradient  is 
established  in  the  beam-type  specimen  by  electron  beam  heating  the  upper  tip  of 
the  beam  while  cooling  the  remainder  by  flowing  water  through  a  cylindrical 
coolant  passage.  A  comparison  of  the  advantages  and  disadvantages  of  the  two 
types  of  specimens  is  made  in  Table  5. 

Test  Results.  Feasibility  testing  was  conducted  on  both  types  of  specimens.  Tests 
on  the  tubular  specimens  showed  a  large,  axial  temperature  gradient  100  F)  over 
the  1/2  inch  gage  length.  As  a  result  it  became^yirtually  impossible  to  quanti¬ 
tatively  determine  the  magnitude  of  the  strain  imposed  on  the  specimen. 

Beam  type  specimens  of  both  NARloy-Z  and  nickel-200  were  tested  to  determine  the 
temperature  distribution.  A  50  KW  Sciaky  electron  beam  welder  was  used  for 
heating.  The  beam  was  defocusod  to  cover  the  3/16-inch  specimen  width  and 
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Table  5.  Critique  of  Differential  Temperature  Fatigue  Specimens 
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oscillated  over  the  length  of  the  specimen  at  a  frequency  of  60  cps.  In  the 
initial  tests  the  EB  wilder  sinci  ^ave  generator  was  used  resulting  in  hot  spots 
at  either  end  of  the  swept  length  and  some  erratic  non-uniformity  in  temperature. 
•Intergranular  cracking  was  observed  in  the  hotter  area  of  the  nickel  specimen 
after  136  cycles  under  these  rather  severe  conditions.  The  NARlcy-Z  specimen 
showed  fairly  good  temperature  uniformity  in  the  middle'  third  of  the  specimen.. 

Subsequent  -o  the  above  tests  an  oscilloscope  was  used  to  generate;  a  triangular 
wave  at  temperatures  high  enough  to  visually  monitor  temperature  uniformity. 

This  modification  resulted  in  greatly  improved  temperature  uniformity.  Problems- 
noted  with  this  test  effort  were  (1)  slow  heating  cycle  and  (2)  extreme  surface 
roughening  along  the  rib  where  the  electron  beam  was  concentrated. 

It --was- £alt  at.  the  conclusion  of  these  tests  that  the  beam  type  specimen  could 
be  modified  and  developed  to  the  point  that  meaningful  quantitative  differential 
temperature  fatigue  data  could  be  obtained  if  the  surface  roughness  problem  could 
be  resolved  and.  adequate  heating  and  cooling  rates  could  be  established.  However, 
it  was  felt  that  development  of  this  technique  was  outside  the  scope  of  this 
pregram  and;  aJl  further  effort  was  terminated  in.  favor  of  more  effort  on  the 
isothermal  fatigue  testing. 

Panel  Testing 

Consideration  was  also  given  to  the  possibility  of  laboratory  testing  panels 
representative  of  non-tubular  thrust  chambers.  The  objective  was  to  establish 
a  low-cost  laboratory  test  technique  which  would  produce  thermal  and  structural 
environment  comparable,  to  that  experienced  by  the  thrust  chamber  during  hot 
firing.  To  accomplish  this  the  panels  required  a  heat  input  of  sufficient  magni¬ 
tude  to  simulate  the  hot  gas  wall  temperature  of  typical  thrust  chambers  and 
sufficient  coolant  to  establish  a  thermal  gradient  through  the  panel  comparable 
to  that  experienced  by  a  thrust  chamber. 
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Candidate  Heating  Techniques,  Candidate  heating  techniques  that  were  evaluated- 
to  accomplish  this  goal  included: 

(1)  electrical  (resistance); 

(2)  laser 

(3)  induction  heating  '  - 

(4)  electron  beam  heating 

A  brief  discussion’  of  sach  follows. 

Electrical  Heating.  Electrical  (resistance)  heating  of  test  panels  was 
considered  possible  using  the  eleptricallj?  heated  tube  tester  located  in  the 
Propulsion  Research  Area  at  Santa  Susahd;  Briefly.,  this  fixture  would  consist 
of  a  panel  brazed1  between  two  copper  bus  bars .  Heating  is  accomplished  by 
passing  an  electrical;  current  through,  the  specimen  by  way  of  the  bus  bar j. 

Cooling  is  accomplished  by  passing  hydrogen  through  the  panel  and  the  surrounding 
environment  is  oxygen.  This  test  fixture  lias  the  advantage  of  testing  panels  in 
an  environment  similar  to  that  of  .an  actual  thrust  chamber;  however,  only  the 
hot  gas  wall  is  simulated.  In  addition,  the  temperature  gradient  through  a 
resistance  hoated,  surface  cooled  panel  is  approximately  half  that  through  an 
equivalent  panel  which" is  surface  heated  and  surface  cooled. 

Laser  Heating.  Cursory  evaluation  resulted  in  the  conclusion  that  there 
was  ho  available  laser  which  had  sufficient  power  to  heat  a  panel  to  any  sign¬ 
ificant  heat  flux  level. 

Induction  Heating.  High  frequency  induction  heating  was  also  evaluated  as 
a  possible  panel  heating  technique.  Results  indicated  that  induction  heating 
was  capable  of  surface  heating  a  nickel  panel  of  1  to  1-1/2  square  inches  to  a 
heat  flux  level  equivalent  to  that  of  the  point  design  thrust  chamber.  However, 
due  to  its.  higher  thermal  conductivity,  the  ability  to  successfully  heat  the 
copper  alloy  panels  such  that  a  large  thermal  gradient  could  be  established 
through  -the  panel  was  questionable.  Panels  in  this  test  fixture  could  bc- 
testod  in  either  ait  air  or  argon  environment  or  a  vacuum  and  be  cooled  with 
water  or  nitrogen.  '  ~ 


'Electron  Beam  HeatinO.  The  use  of  ah  electron  beam  welder  to  .heat  the 

>  ■  I  HUM  "III!  ■■■■■  ■»»> 

panels  was  also  considered,  (and  ultimately  selected  for  experimental  evaluation). 

In  this  set  up  the  panel’ Would -be  mounted  inside  a  vacuum  chamber  and  internal  ly 
cooled. with  water  or  nitrogen.  Surface  heating  is  accomplished  when  the  electron 
beam  is  scanned  over  the  panel  surface.  The  power  of  the  electron  beam  -gun.  is 
such  that  a  surface  area  of  0.5  can  be  heated  to;  approximately  20-21vBiu/'in,.  - 
sec j  approaching  the  peak,  heat  flux  values  of  the  point  design  and  establishing,  a 
significant  thermal  gradient  on  the  panel.  Since  the  panel  is  surface  heated 
and  surface  cooled,  the  thermal  gradients  are  quite  similar  to  those  in  a  thrust 
chamber . 

Selection  of  Heating  Techniques.  Evaluation  of  these  heating  techniques  with 
respect  to  the  established  criteria  discussed  previously  led  to  the- selection  of 
the  electron  'beam  heating,  technique  for  experimental  evaluation. 

The  equipment  for  this  effort  was  an  existing  30  kilowatt  electron  beam  Welder 
located  in  the  Experimental  Manufacturing  Department  at  Rocketdyne.  The  panels 
were  to  be  water  cooled  using  an  existing  water  pump  capable  of  delivering  S  gpm 
at  pressures  greater  than  1500  psig. 

The  power  of  this  machine  would  theoretically  allow,  fatigue  testing  of  panels  up  '**' 
to  1-inch  square;  with  final  size  dependent  on  material,,  beam  efficiency  and 
channel  geometry-, 

Feasibility  Evaluation.  Experimental  evaluations  of  the  electron  beam  heating 
technique  was  undertaken  using  instrumented  nickel-200  panels  as  shown  in  Fig.  90 
and  91 .  Tests  on  the  first  panel  were  encouraging  in  that  an  area  approximately 
0.37  x  0.50  inches  was  apparently  being,  uniformly  heated.  Temperature,  measure¬ 
ments  taken  by  the  surface  thermocouples  agreed  fairly  well  with  the  optical  ^ 
pyrometer  measurements  of  the  hot  surface.  Also  back  wall  temperature  ..measure-  - 
ments  which  remained  quite  close  to  ambient  indicated  that  a  reasonable,  thermal 
gradient  was  being  imposed  oh  the  panel,  There  Was  indication  of  hot  spots  on 
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Figure  90.  Test  Panel  Assembly 
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the  surface  of  each  thermocouple  and  the  surfaces  showed  considerable  roughening. 
This  roughening  appeared  to  be  cathodic  etching,  apparently  due  to  the  electron 
bombardment  of  the  surface.  Subsequent  sectioning  showed  surface  roughness  and 
cracks  -fo  a  depth  of  ~ 0.004  inches. 

A  second  panel  was  subsequently  tested  with  the  thermocouple  holes  plugged  with 
braze  alloy  to  eliminate,  the  hot  spots.  However,  tests  on  this  panel  also 
exhibited  hot  spots  and  considerable  surface  roughness. 

It  was  apparent  at  this  time  that  two  problems  existed  with  this  type  of  testing 
and  resolution  of  both  was  necessary  before  meaningful  fatigue  data  could  be 
obtained.  These  were  (1)  accurate  determination  and  repeatability  of  surface 
temperature  and  (2)  elimi  ition  of  surface  roughening. 

It  was  decided  to  forego  any  additional  effort  in  this  area  in  favor  of  more 
isothermal  fatigue  testing.  It  is  noted,  however,  that  this  is  an  area  that 
should  be  explored  in  more  depth  since  the  successful  development  of  a  panel  test 
technique  would  greatly  enhance  the  capability  to  accurately  predict  thrust 
Chamber  life. 

PHASE  I  -  TASK  IV  -  FINAL  DESIGN 
REGENERATIVELY  COOLED  THRUST  CHAMBER 

Presented  in  this  section  is  a  detailed  design  description  of  the  non-tubular 
regeneratively  cooled  thrust  chambers  which  wore  fabricated  and  tested  in  Phase  II. 
These  chambers  were  fabricated  .with  spun  and  machined  liners  and  electroformed 
nickel  closures  using  procedures  developed  on  a  previous  program  (Ref.  23) .  Liner 
materials  wert^nickel-200  for  the  F 2^2.  end  copper  alloy  (zirconium  copper 

and  NARloy-Z)  for  the  Oj/Hj  ^es^8ns*  As  discussed  previously  the  internal  con¬ 
tour  of  the  chambers  was  specified  by  the  AFRPL  (Fig.  2).  The  nozzles  were 
truncated  to  a  lesser  area  ratio  to  facilitate  manufacturing  and  testing  at  site 
ambient  pressure.  Design  criteria  are  listed  in  Table  6. 


Table  6.  Thrust  Chamber  Design  Criteria 


*  '  *  - 

Thrust,  lb 

3300 

3300  ' 

Propellant 

V'H2 

|  °2/H2 

Mixture  Ratio  (o/f) 

6  il 

6:1 

Chamber .Pressure,  psia 

;  750  ; 

750 

Coolant 

H2 

,  H2 

Expansion  Area  Ratio 

■  4 

4 

) 

Contraction  ratio 

4 

4 

Chamber  Length  (injector  face 
to  throat  centerline),  in. 

6.0: 

5.0 

Hot  Gas  Wail  Material 

Zirconium- 
:  Copper 

Nickel-200' 

, 

NARloy-Z 

i 

-  -  „„ 

»  v.  -  .  -  -  -  ^ 

These  chambers  were  designed  to  interface  with  AFRPL  designed  injectors  (discussed 
later  in  Task  V).  A  description  of  each  follows. 

Nickelv200  Thrust  Chamber 


The  nickel-200  liner  for  this  chamber  contains  72  stop  width,  variable  depth  channels 
as  shown  in  Fig.  92..  The  coolant  passage  width  is  0.040  inches  from  e  «  4  to  a 
point  2.88  inches  upstream  of  the  throat.  From  here  forward  the  passage  width 
~is  0/080;  accomplished  as  a  step  change  in  width  thus  allowing  manufacture  by 
conventional  cutters.  The  hot  gas  -wall  thickness  was  a  constant  0.025  inches 
throughout. 

Coolant  circuit  closeout  and  chamber  structure  was  provided  by  the  use  of  annealed 
electroformed  nickel.  Experimental  evaluation  on  another  program  at  Rocketdyhe  had 
shown  as-deposited,  electroformed  nickel  to  be  susceptible  to  hydrogen  embrittlement 
when  stressed  into  the  plastic  region  while  exposed  to  hydrogen,  this  evaluation 
had  also  shown  the  resistance  of  electroformed  nickel  to  hydrogen  could  be  markedly 
improved,  by  the  use  of  a  thin  copper  barrier  between  the  hydrogen  and  electro- 
formed  nickel  or  by  subjecting  the  dectroformed  nickel  to  a  moderate  temperature 
(600  to  900  F)  "annealing’1  cycle  prior  to  exposure  to  hydrogen.  Experimental 
testing  of  both  was  underway  at  Rockstdyne,  however,  the  finalization  of  processing 
parameters  for  the  coppor  barrier  had  not  proceeded  to  the  same  point  for  annealing 
of  the  electroformed  nickel.  Consequently  it  was  decided  to  use  the  annealed 
electroformed  nickel  approach  for  the  closure.  It  is  noted  that  subsequent 
metallurgical  evaluation  of  the  two  copper  alloy  chambers  after  the  cyclic  test 
series  showed  no  signs  of  hydrogen  embrittlement  of  the  electroformed  nickel 
closure.  The  manifolds  and  closure  were  designed  to  assure  that  gross  yielding 
of  the  annealed  electroformed  nickel  closure  does  not  occur  while  exposed  to 
hydrogen. 

The  forward  flange  and  coolant  outlet  manifold  was  designed  to  interface  with  the 
Ag_RPL  supplied  injector.  Injector  to  chamber  sealing  was  accomplished  by  using 
redundant  metal  0-rings  with  the  0-ring  grooves  machined  into  the  injector  flange. 
The  aft  flange  and  coolant  inlet  manifold  incorporated  provisions  for  bolting  on 
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Figure  92 ,.  Thermal  Fatigue  Thrust  Chaiaber 

Machined  Liner  (Nickel-200  Liner) 
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a  pressure  test  plate.  The  flanges  were  TIG  brazed'  to  the  thrust  chamber  liner 
and  electroformed  nickel  closeout.  The  axial  loads  were-  taken  through  the  end 
joints  to  the  thrust  chamber  liner  and  the  relatively  thin  manifold  closeout  is 
attached  to  the  electroformed  nickel.  The  flanges  were  made  of  3&4I'  stainless 
steel  and  all  fittings  were  of  300  series  stainless  steel. 

The  coolant  manifolding  was  designed  with  a  single  inlet  and  a  single  outlet. 
Quarter  inch  diameter  Swagelok  fittings  were  provided  on  the  inlet  and  outlet 
manifolds  for  coolant  bulk  temperature  measurements.  Quarter  inch  diameter  AN 
fittings  were  provided  on  each  manifold  for  coolant  inlet  and  outlet  pressure 
measurements.  The  complete  chamber  is  shown  in  Fig.  93. 

Copper  Alloy  Thrust  Chambers 

The  copper  alloy  thrust  chambers  are  identical  in  design  except  for  liner  material. 
The  liners,  shown  in  Fig.  94,  are  of  spun  and  machined  NARloy-Z  and  zirconium- 
copper  and,  incorporate  40  constant  width,  variable  depth,  coolant  passages 
0.080  inches  wide.  The  hot  gas  wall  thickness  was  0.080  inches.  As  discussed 
previously,  the  internal  contour  was  identical  to  that  of  the  nickel  chamber 
except  the  combustion  zone  length  was  increased  by  1-inch  to  assure  adequate 
combustion  performance  with  02/H2  propellant. 

The  coolant  circuit  closure  and  chamber  structure  is  provided  by  annealed  electro¬ 
formed  nickel  as  discussed  for  the  nickel  chamber. 

tine  coolant  manifolding  and  flange  design  are  identical  to  the  Nickel-200  thrust 
chamber.  Since  the  manifolds  were  conservatively  sized  for  the  nickel  thrust 
chamber  flowrates,  no  size  increase  was  found  necessary  for  the  increased  flow- 
rate  used  by  the  copper  alloy  thrust  chambers. 

Minor  dimensional  changes  Were  made  in  the  flange  and  electroform  nickel,  contours 
to  accommodate  the  different  channel  heights  used  with  the  copper  alloy  chamber 
designs.  The  complete  chamber  is  showjv~in  Fig.  ,95. 
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Figure  93 


Figure  94 
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PHASE  I  -  TASK  V  -  CALORIMETER.  THRUST  CHAMBER  ASSEMBLY  DESIGN 

In  Order  to  obtain  a  heat  flux  profile  for  the  injector  to  be  used  in  the  Phase  II 
test  "effort,  a  calorimeter  thrust  chamber  assembly  was  designed.  This  assembly 
consists  of  an  OFHC  copper  hot  gas  wall  thrust  chamber  with  circumferential  water 
coolant  passages  and  a  coaxial  element  injector  of  AFRPL  design.  A  design 
description  of.  each  follows. 

Calorimeter  Thrust  Chamber 

The  original  AFRPL  calorimeter  thrust  chamber  design,  X69F16199,  was  modified  to 
incorporate  the  same  internal  contour  as  the  copper  alloy  regeneratively  cooled 
thrust  chambers,  the  6-inch  injector  to  throat  length,  and  to  facilitate  fabrica¬ 
tion  by  Rocketdyne,.  The  injector  and  exit  end  flange  designs  were  also*  changed 
to  the  spue  interface  specifications  as  the  regeneratively  cooled  thrust  chambers. 
The  revised  thrust  chamber  design  is  shown  in  Fig.  96  and  operating  parameters 
are  shown  below: 


Chamber  Pressure,  psia 

750 

Mixture  Ratio 

6:1 

Propellants 

lo2/gh2 

Coolant 

Water 

Coolant  Inlet  Pressure,  psia 

1000 

Coolant  Total  Flowrate,  gpm 

100 

Coolant  Inlet  Temperature 

Ambient 

The  thrust  chamber  liner  is  machined  from  an> OFHC  copper  billet.  The  liner  con¬ 
tains  16  circumferential  coolant  grooves.  All  grooves  are  0.250  inches  wide  and 
have  a  hot  gas  wall  thickness  of  0.125  inches.  The  passage  depth  is  constant  for 
each  passage  and  varies  from  0.125  inches  at  the  injector  end  to  0.06b  at  the 
throat. 

The  coolant  circuit  closeout  and  structural  shell  is  annealed  electroformed  nickel. 
The  shell  is  annealed  to  improve  brazeability  to  tubes  and  flanges. 
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The  coolant  manifolding  consists  of  an  individual  inlet  and  outlet  tube,  180  degrees 
opposed,  for  each  coolant  channel.  There  are,  therefore,  16  inlet  tubes  and  16  out¬ 
let  tubes.  The  tubes  are  TIG  brazed  over  holes  drilled  through:  the  electroformed 
Structural  shell. 

The  tubes  that  go  through  the  top  flange  into  the  two  top  grooves  are  press  fit 
into  the  electroformed  nickel  and  TIG  welded  to  the  outside  diameter  of  the  flange. 
The  press  fit  seal  into  the  electroformed  nickel  prevents  excessive  leakage  be¬ 
tween  the  top  two  grooves  and  the  weld  joint  to  the  flange  seals  against  external 
leakage.  The  manifold  tubes  are  made  of  321  GRES.  The  thrust  chamber  flanges  are 
made  of  304L  CRES  and  are  TIG  brazed  to  the  electroformed  nickel  structural  shell. 

A  chamber  pressure  tap  is  located  between  grooves  No.  4  and  5  at  a  distance  of 
2.25  inches  from  the  injector  face. 


Coaxial  Injector 


The  injector  assembly ,x  Fig.  97  and  98,  is  identical  to  the  AFRPL  design  with  the 
exception  of  changes  to  add  structural  support  to  the  rigimesh  face..  Seventeen 
nickel  posts  are  threaded  through  the  nickel  face  into  the  intermediate  manifold 
plate.  The  manifold  was  also  made  thicker  which  necessitated  moving  and  increasing 
the  number  of  distribution  holes  to  the  oxidizer  cavity.  The  flow  area  of  the 
distribution  holes  was  held  constant  and  the  number  of  holes  was  increased  to 
12  so  that  they  could  be  positioned  half  way  between  the  entrances  of  each  of  the 
12  elements  in  the  outer  row  of  the  injector. 
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CONCLUSIONS  AND  REC0NME1IDATI0NS 

The  results  of  the  Phase  I  effort  were  highly  encouraging  in  the  area  of  analysis 
and  laboratory  fatigues  testing.  Considerable  progress  was  made  in  developing  the 
analytical  tools,  for  predicting  the  thermal  cycle  life  capability  of  non-tubular 
regeneratively  cooled  thrust  chambers.  Also  the  thermal  analysis  effort  laid  the 
initial  groundwork  in  exploring  design  and/or  operational  innovations  which  could 
be  incorporated  on  an  engine  to  increase  life  capability.  The  isothermal  fatigue 
test  procedures  and  specimen  design  represent  great  strides  in  producing  the  data 
more  directly  applicable  to  the  thrust  chambers  and:  in  establishing  the  life  cap¬ 
ability  of  the  candidate  materials.  The  differential  fatigue  and  panel  test 
efforts  shewed  promise;  however,  it  was  apparent  that  successful  development  of 
the  laboratory  -test  techniques  to  the  point  where  they  would  yield  meaningful 
quantitative  data  was  beyond  the  scope  of  this  program. 

Based  on  these  results  several  recommendations  for  future  effort  can  be  made. 
These  are:  ~ 

1.  Conduct  additional  isothermal,  fatigue  testing  to  establish  a  failure 
criteria  for  cyclic  testing  with  hold  times  at  peak  compressive  strain, 
and  to  repeat  questionable  test  data. 

2.  Conduct  more  isothermal  fatigue  testing,  data  reduction  and  analysis 
to  determine  creep  rate  law  material  constants  for  the  relaxation 
process  at  peak  tensile  and;  compressive  strain. 

3.  Conduct  additional  isothermal  fatigue  testing  to  more  accurately 
define  the  fatigue  curve  constants  as  a  function  of  temperature. 

4.  Conduct  isothermal  fatigue  tests  on  various  heats  of  material  and  on 
specimens  machined  directly  from  spun  liners  to  determine  effect  .of 
chemical  composition  variances  and  processing  on  the  material  fatigue 
capability. 


5.  Deepen,  the  analytical  and  experimental  evaluation  of  candidate  panel 
test  techniques  to  determine  if  an  economically  feasible  technique 
can  be  developed  which  more  cl'osely  resembles  the  thermal  and  strain 
environment  cf  a  regeneratively  cooled  thrust  chamber. 

6.  The  life  analysis  methods  should  be  verified  by  comparison  with  the 
results  from  additional  rocket  engine  duty  cycle  testing. 

7.  Cyclic  creep  rupture  data  should  be  obtained  and  used  in  place  of 
monotonic  creep  rupture  data  to  reduce  the  conservatism,  in  evaluating 
creep  rupture  damage.  Part  of  the  effort  would  include  the  development 
of  a  test  procedure  to  obtain  the  data.  The  test  procedure  requires 
the  introduction  of  a  load  reversal  after  the  desired  creep  strain 

has  accumulated  on  each  side  of  the  hysteresis  loop. 

8.  Thermal  fatigue  and  duty  cycle  simulation  test  data  should  be  obtained 
to  more  accurately  refine  life  analysis.  The  thermal  fatigue  test  run 

in  strain  control  involves  developing  the  test  technique  to  independently 
vary  temperature  and  strain.  The  accuracy  of  the  incremental  approach 
adopted  in  the  analysis  can,  therefore,  be  evaluated.  The  duty  cycle 
simulation  requires  the  development  of  a  test  procedure  to  switch'  from 
deflection  to  load  control  and  tack  within  the  cycle. 

9.  The  latest  fatigue  life  prediction  theories  should  be  evaluated  for 
inclusion  into  thermal  fatigue  life  prediction  methods.  These  include 
Coffin's  approach  involving  a  frequency  modified  life  (Ref.  20)  and 
Manson's  partitioning  of  the  total  strain  range  into  plastic  and  creep 
components  (Ref.  21). 
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